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PUSH-PULL SATURATED CORE TUNNEL
DIODE INVERTERS*

By

R. FERYSZKA AND P. GARDNER

RCA Electronic Components and Devices
Somerville, N. J.

Summary—Previous work on tunnel diode inverters for use with direct
energy conversion sources such as thermionie generators indicated that the
push—pull saturated square-hysteresis-loop (Marzolf) tumnel-diode inverter
held the most promise for achieving high efficiency and power output with
good power-to-weight ratio.

A theory of the operation of this type of inverter has been developed.
This theory predicts the performance of the inverter for warying input
voltage and load from the 1-V characteristics of the tumnel diodes and
transformer parameters, and shows that the diode figure of merit previously
believed to be the limiting efficiency of such inverters can be exceeded by
suwitable design of the inverter.

Second-order effects such as nonperfect squareness of the core-material
hysteresis loop are also discussed, and their effect on inverter performance
indicated.

Performance parameters of this type of inverter with outputs to 220
watts are presented, and unique operation features are discussed. Design
and fabrication techniques are also briefly discussed.

INTRODUCTION

voltage power sources have been explored by H. F. Storm and

T UNNEL-DIODE inverter circuits and their application to low-
D. P. Shattuck,! F. G. Gevert, S. Wang, and R. U. Broze,> J. M.

* The work presented in this paper was sponsored by the United States
Air Force, Air Force Aero Propulsion Labcratory, Aerospace Power Divi-
sion, Wright Patterson Air Force Base, and was directed by H. Briggs,
Captain USAT, project officer.

1H. F. Storm and D. P. Shattuck, “Tunnel Diode D-C Power Con-
verter,” Trans. A.ILE.E., Vol. 80, p. 347, July 1961.

2 F. G. Gevert, S. Wang, and R. U. Broze, “Heat to A.C. Conversion
Using Thermoelectric Generators and Tunnel Diodes,” Solid-State Elee-
tronics, Vol. 3, p. 100, Sept. 1961.
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Marzolf,** A. C. Scott,” D. J. Hanrahan,® and Carlson and Gardner.?
Although these authors emphasized the feasibility of tunnel-diode
inverters for such power sources as thermoelectric generators, ther-
mionic generators, sea-water batteries, and fuel cells, cne common
conclusion was reached—the maximum obtainable efficiency of a tunnel-
diode inverter is limited by the figure of merit of the diode, 7o (diode
conversion efficiency) ;

Li=1, VsV,

No = (1)

L+, V4V,

where I, = peak current, I, = valley current, V, = peak voltage, and
V,=valley voltage.

Although the maximum efficiency predicted by Hanrahan was higher
for a nonsaturated core than for a Marzolf inverter, the latter was
selected for this study for the following reasons:

(a) for high power levels the difference in efficiency, which is
I,.,/AI, where I,, is the magnetizing current, is in the range
of 1% or less and is insignificant,

(b) core weight and hence core losses are much lower for a satu-
rated core,

(¢) the output of a Marzolf inverter is a high-quality a-c¢ square
wave at any desired voltage and requires much less filtering
if the output must be converted to d-c.

(d) the Marzolf inverter offers a relatively constant frequency
a-c output, while a nonsaturated core changes the frequency
in a range of approximately 3 to 1.

Detailed studies were performed on saturated-core push—pull inverters
to determine their mode of operation and to optimize their design,
particularly at high powers. A detailed theory of the operation of
these inverters has been developed, including second-order effects such
as core material squareness factor and operating frequency, and equa-

3J. M. Marzolf, “Tunnel Diode Static Inverter,” U.S.N.R.L. Report
No. 5706, Oct. 25, 1961.

4J. M. Marzolf, “Sea Water Battery Plus Tunnel Diode Converter as
a Power Source,” U.S.N.R.L. Report No. 5961, May 1963.

5A. C. Scott, “Design and Oscillation Application of High Current
Tunnel Diodes,” Doctorial Thesis MIT, Aug. 1961.

6 D. J. Hanrahan, “Analysis of Tunnel-Diode Converter Performance,”
U.S.N.R.L. Report No. 5722, Dec. 1, 1961.

7F. M. Carlson and P. D. Gardner, “Design and Application of High
Current Tunnel Diodes to DC-AC Inverters,” Proc. Power Sources Conf.,
1963.
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tions have been derived that permit the design and predict the per-
formance of such inverters.

ANALYSIS OF OPERATION

In the analysis of the operation of saturated-core push—pull (Mar-
zolf) tunnel-diode inverters, the following assumptions were made:

(1) The total d-c resistance of the primary circuit, which includes
the power-source internal resistance, transformer primary resistanee,
and diode series resistance, must be less than the negative resistance
of the tunnel diode, i.e., the tunnel diode must be biased with a mono-
stable d-c load line in its negative-resistance region.

Ns

Fig. 1-—Push-pull saturated-core tunnel-diode inverter circuit
for no-load conditions.

(2) The a-c conditions necessary for the tunnel diodes to operate
as relaxation oscillators must be met, i.e., the product of the negative
resistance, circuit resistance, and diode capacitance must be less than
the circuit inductance. This criteria is very easy to meet.

(8) The transformer core material has a perfectly rectangular
hysteresis loop.

(4) All losses, including core losses and lead losses are neglected.

(5) When the effects of loading the inverter are considered, the
load is purely resistive.

Open-Circuit Condition

Figure 1 shows the circuit of a push-pull saturated core inverter.
It consists of a transformer that has a core of square hysteresis loop
material, with two tunnel diodes connected in series across the trans-
former primary. The power supply is connected between the primary
center tap and the common ends of the diades.

When the circuit is energized, a d-c current equal to the valley
current, I, of the diodes flows in both primary loops. Since the wind-
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ings are in the same direction and the currents flow in opposite direc-
tions, no magnetizing occurs.

Assuming the current in loop I starts in¢reasing at time ¢, with the
core still unsaturated, a voltage equilibrium exists;

Vy— ep, — €, =0. (2)

When the current reaches the value ¢ =1, + I,,, the core is satu-
rated, and e, = N (d¢/dt) X 10— =0, since no further change in flux
is possible. Since e, is now zero, the tunnel-diode voltage must increase
rapidly until the peak point is reached and the diode switches to the
forward voltage. Since the core is still saturated, er, and 7 drop rapidly
until 4; = I, + I,,. At that point the core begins to unsaturate and a
voltage e, appears across the primary. The equilibrium now becomes

V,,+e,,—eT1:0. (3)

The current continues to decrease slowly until the valley point is
reached. At this point e, is again zero, and the diode switches to the
low-voltage state.

It has been assumed that during a half cycle, e, is constant. If
Equations (2) and (3) are to hold, then er, and ep, must also be con-
stant. These assumptions are only valid when I,, is small compared to
I,. In practice, e;, varies over a wide range for small changes in
current, leading to distorted waveshapes.

The region where the diode’s operating point changes slowly be-
tween I, and I, + I,, is defined as the “dwell” region. The switching
cycle described above is illustrated in Figure 2.

In a push-pull circuit, both diodes operate simultaneously, i.e.,
when the first diode is in a low-voltage state (at I,) with 7, increasing,
the second diode is at a high-voltage state (at I,+1,) with 7, de-
creasing.

The time relationships for ,, 7., ¢y, ¢o, and I are shown in Figure
3. The currents, ¢; and %,, are shifted by 7/2 (Figure 3a) where T
is the period of oscillation. The total current supplied by the power
supply is constant and equal to I,, + 21, (Figure 3b). The fluxes ¢,
and ¢, are in phase with their appropriate magnetizing currents i,
and i, (Figure 3c¢).

Although the fluxes are out of phase by 7/2, the induced voltages,
e,, in both primary halves are in phase, since d</dt is positive for the
first loop and negative for the second loop (Figure 3d).

It should be noted that this analysis is valid for only one specific



(a)

(b)

(c)

(d)

TUNNEL-DIODE INVERTERS

| Very Rapid

___._5_.__.__—_..._.__1

Very Raoid

¥

Fig. 2—Tunnel-diode characteristic showing switching path
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Fig. 4—Push-pull saturated-core tunnel-diode inverter circuit

for loaded condition.

bias voltage, V,, when the diodes dwell between I, and I,+ I,, (for
open circuit), and the input current drawn from the power supply is
equal to 21, + I,,. This condition is defined as threshold operation.

(a) * nex
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Fig. 5—Time relations between e, I, 7, and 1.
for loaded conditions.
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Loaded Condition

Assume that the inverter is supplying a current »l; to a load.
Figure 4 shows the directions of current flow and the voltages in the
circuit.

Since a purely resistive load is being considered, the load current
nl,, is in phase with the existing voltage, ¢,, as shown in Figures 5a
and 5b. Thus, the load current is carried in loop I during the first half
cycle, as shown in Figure 5c. The total current is nl, + I, + I, in

| Very Rapid
——

RN !

Very Rapid

Very Rapid

Fig. 6—Tunnel-diode characteristic showing switching path
and dwell regions for loaded condition.

loop I and I,, + I, in loop II during the first half cycle, and nl,, + I, + I,
in loop II and 7,, + I, in loop I during the second half cycle, as shown
in Figure 5d.

The switching path around the tunnel-diode characteristic is shown
in Figure 6, and corresponds to the current waveforms shown in Figure
5d. At t=0, i, =1I,+ nl,. The current 7, then increases slowly until
t =T/2, when i, =nl; + 1, + I,. The core is now saturated, and the
diode switches very rapidly to a current i, =1, I,, in the forward
region. During the second half cycle, ¢; decreases slowly to 7; =1, at
t="T. For the second diode, at t =0, 7, =1,, + I, and decreases to
i, =1, at t=T/2. At this point, the second diode must provide the
load current, and thus it switches to %, =1I,+ nl;. The current i,
increases slowly to i, = I, + nl,, + I,,, and the cycle is repeated.
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Thus, during a cycle, the d-c current I supplied by the power supply
is %y + 2,

I=unl,+2I,+1,. (4)
Thus, for a given load, the current drawn by the inverter is constant.

It can be seen from Figure 6 that the maximum load current ob-
tainable while still maintaining core saturation is

nIL(m:lx) :Ip—‘lv_l-mr (5)
and the current drawn from the power supply is

Imu.\' = Ip_Iv—Im + 211} + Im
=1, +1, (6)
Again, this analysis holds only for a particular bias voltage.
Having described the basic mode of operation of the inverter under

no-load and loaded conditions, a more general analysis of the operation
of this type of inverter can now be carried out.

ANALYSIS OF PUSH-PULL SATURATED CORE
INVERTER OPERATION

General Case with Inverter Loaded
a. Bias Voltage
It has been assumed that the bias voltage is such that the dwell
and equilibria conditions previously described hold. However, in
practice the input voltage will vary, and thus it is important to con-
sider the effect of varying bias voltage.
During half a cycle, the following equilibria must hold
1st diode: Vi—er, —e, =0,
2nd diode: Vy—er, +e,=0.

We make the assumption that I,, is small and that e, is constant. There-
fore,

1
Vy=— (37'2 + er,). (n
2

It can be seen from Equation (7) that for a given input voltage, V,,
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dwell points must be established to satisfy the equation, and that there
is a minimum bias voltage for operation. As €r (ui) =0 and ep,(min
=7V,, the minimum input voltage possible is V..

However, the minimum dwell points are, for the loaded inverter,

1st diode: wnl,+I,—>nl,+1,+1,, (8)
2nd diode: I,+1,—1, 9
and Im:’nIL-{—ZIv-%—Im. (10)

|
b
Iy + Iy + i *lg
Iy +nlg+ Iy

Iy + nlp

ly+ 1y +lp

Iy + Iy

I
[
1
l
[
|
z
I
I
1
1
l
I
!
1
l
Vv

v v

Fig. 7—Tunnel-diode characteristic showing dwell region currents
and voltages for loaded condition.

This condition, where minimum current is drawn for a given load,
is defined as “threshold” operation, and will be satisfied only for a
particular input voltage, V,. As the diode voltages e, and ey, increase
with increasing current, this value of V, for threshold will also be the
minimum input voltage at which the inverter will operate under given
conditions of load. Also, the value of V, for threshold operation will
be greater at full load than at zero load.

Thus, in the general case, the dwell points for half a cycle will be,
as shown in Figure 7,

1st diode: wly +1,+1I,>nl,+I1,+1,+1,,

2nd diode: I,+1I1,+1,—>I1,+1, (11)
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where I, is some additional d-c current depending on the bias voltage,
V,. These dwell points are reversed in the second half cycle.

In order to compute the required input voltage, V,, an expression
for the I-V characteristic of the diodes is required. In general,

I+1,+1, T +1, +nl 41,
1
Vb :T- [/ 62(7:2) di + / € (il)di :| . (12)
2
m 4, I, +1I,+nl,

To determine the voltages e; and e,, iy = f,(e;) and i, = f,(e,) are
required. For the tunneling region of a tunnel diode, Karlovsky® de-
rived the expression

I=A" (e, +e;—gy)> (13)

As e, is only required from 0 to V,, Equation (13) suggests that a
simple square function may be used.

The forward region of the tunnel diode is essentially the normal
diode injection region (for good I,/I, ratio diodes, because the excess
current component of I, is then small), and thus follows the normal
exponential function. Again, as e, is only required over a small range,
a square law seems reasonable.

The relations for er, and er, given by Equations (14) and (15) are
reasonable approximations to the I-V characteristics of both Ge and
GaAs tunnel diodes over the required ranges as shown in Figures 8

and 9.
%
6'1'1:Vp 1— e e | (14)
Ip
eT2:V’U+ (Vf—Vv) [/‘/

where Al = I, — I, and V; = forward voltage. Note that Equation (15)
gives slightly lower voltages for the forward region, leading to pessi-
mistic results in later calculations.

1

==,
+
Al

VGE—T1,) (1,,—2')'] .
3aI

(15)

Substituting these expressions in Equation (12) and integrating

8 J. Karlovsky, “Simple Method for Calculating the Tunneling Current
of an Esaki Diode,” Phys. Rev., Vol. 127, p. 419, July 15, 1962.
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gives the input voltage for given dwell points. However, to simplify
the results, an approximation will be made by taking the mean diode
voltages at the extremes of the dwell region (see Fizure 7), i.e., taking
the diode voltages at the currents given in Equation (11) and aver-
aging.

Hence,

1 Vi—V, - e
Vb:‘—‘{z(Vn'{"Vg)'*‘*‘ - VI + 1, + VI, +
4 VAI

V[ o V,.

[\/(10+1:n) (Al =5y —1,) +V/ (1) (AI—Ib):I s
sal |

Vs

__[\/AI—nIL—~I,,+\/AI~nIL—I,,-—Im]}- (16)
Wi,

Equation (16) gives the input voltage, V,, required for operation
at a given load and given dwell points. With the exception of I, and
I,, all the terms in Equation (16) can be obtained from the diode
characteristics.

The magnetizing current, 1,,, required to saturate the transformer
core may be calculated from the core parameters and the number of
primary turns

B, 1
I, = i an
s 047N
where B, = saturation flux density in gauss,

s = permeability at saturation in gauss per oersted,
I = mean magnetic path length in centimeters,

N = one half the number of primary turns.

b. Output Voltage

Having established the required input voltage, the output voltage
can be calculated using Equation (2). The exciting voltage ¢, =V, —
er,- Hence, the r-m-s voltage across each half of the transformer
primary, V,, is given by

Ve="V,—er, (18)
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since e, is a square wave. Substituting in Equation (14) gives

|4

4

VT:Vb_Vp+

<\/AI—nIL—I,,+\/AI—1LIL——I,,—I,,,‘
2vI,

(19)

Equation (19) gives the r-m-s voltage across each half of the primary
as a function of the load current. Using Equations (16) and (19),
this voltage may be computed for any load and any input voltage.

Having calculated the r-m-s voltage across each half of the primary,
the output voltage, operating frequency, power output and inversion
efficiency of the inverter may be calculated.

The r-m-s output voltage is the product of the r-m-s voltage across
each half of the primary and the ratio, n, of the secondary turns to
half the primary turns. Therefore

Vst = nVr. (20)

¢. Operating Frequency

It is known that

dé
N — X 10-8=¢,.
dt

As the core is driven from —¢, to +¢, during half a cycle (see Figure
3c),

2¢,
N —X 10—8 = VT)
T/2

where T is the period of oscillation. Therefore,

Vi
f= % 108 cycles per second.
4¢,N

Since ¢ = B,A, the operating frequency is given by

Vr
4ANB,

f= X 108 cycles per second. (21)
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d. Output Power

The output power is the product of the output current and voltage
Pout = nVTIL' (22)

e. Inversion Efficiency

The inversion efficiency, 5, is given by

The input current is the sum of the diode currents during a full cycle.
Therefore,

Iy =nl, + 1, + 21, 4+ 21, (23)
Py =V, (I, + I, + 21,4+ 21I,), (24)
and
P, .=Vl (25)
Therefore
Vynl,,
= % 100 percent. (26)

Vy(nly, + I, + 21, + 21,)

A summary of the equations predicting the performance of satu-
rated square hysteresis loop core, push—pull tunnel-diode inverters is
given in Table I.

Special Cases
a. Threshold Operation

As can be seen from Equation (16), the input voltage required for
threshold operation (i.e., I, =0) increases from zero load to full load.
Since the output voltage from the power source will decrease with
increased load, it is most important to consider V, at full load.

If the input voltage is lower than that required for threshold opera-
tion, then one of two possibilities occur. One is that the inverter will
cease to oscillate in the push—pull mode, reverting to inphase oscillation
with zero output. A second possibility is that the inverter may operate
in some other mode than that of push-pull saturated core inverters.
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b. Maximum Load Current

The maximum load current that can be drawn from the inverter is
"’IL(mnx) ZAI—Im_Ib) (27)

and hence it varies with bias voltage, decreasing as the bias voltage
is increased. The output voltage, nV,, increases with increasing bias

T'able I—Analytic Expressions Predicting the Performance of Saturated
Square Hysteresis Loop Core, Push-Pull Tunnel Diode DC to AC Inverter

1 Vi—V, 2 =
Bias Voltage Vi=——< 2(V. 4+ V)) +—I—[\/ID+IM + VI,
4 A
Vi—V,
F———| VI + 1) (AL — Iy —In) + VI, (Al + 1)
347
Vo

IVVAI—-T[IL—I!;‘*- ‘/AI—nIL—Ih‘—‘Im:I} (16)

? '=

Gutput Voltage

Vo
Ve=V, — V,, - ———_’_—___' val —nl, — 1, -+ VAl —nl, — I, — I,..)
2vI,
(19)
Ve
Frequency f= % 108 (21)
4ANB,
Input Current Lin=mnl, 4+ In + 21, 4+ 21, (23)
Input Power Pun= V[nlr + In + 21, 4+ 2I,] (24)
Output Power Poue = nVrl; (25)
nVqoly,
Inversion Efficiency 7 —= x 100 (26)

V,,[nI,,—l—I,.. +2In + 21b]

voltage. Hence, the power output should peak at some input voltage
where the increase in nV, is greater than the reduction in 7l ey
The peak efficiency, however, will occur at some combination of load
and bias voltage not necessarily the same as that for maximum power
output.
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c. QOwerload Condition

If the maximum load current defined by Equation (27) is exceeded,
the diode supplying the load current will switch to the high state. This
is because the diode current can only increase to I, at which time
di/dt = 0, and e, becomes zero, so that the voltage equilibrium is
disturbed and the diodes switch.

Thus, under overload conditions, the switching of the diodes is no
longer controlled by the saturation characteristics of the transformer,
and normal inverter operation ceases. The d-c input current will reach
a maximum value of I, + I,, and cannot exceed this level if the diodes
are oscillating. Hence, in the tunnel-diode inverter, no external over-
load or short-circuit protection is required.

Horizontal
Imsec./Div,

Fig. 10—Output waveform of a saturated-core push-pull
tunnel-diode inverter—no-load condition.

TUNNEL-DIODE INVERTER PERFORMANCE

Several tunnel diode inverters ranging in output from 3 watts to
200 watts were fabricated and tested. The low-power inverters were
operated from a low impedance, low-voltage regulated power supply,
while the high-power units were tested with a homopolar generator as
the power source. The power output was determined by measuring
the r-m-s voltage across a known load resistance, and computing the
power using the relation P, =V ,2/R;. Input current and voltage
were measured using calibrated low-resistance shunts and voltmeters,
and operating frequency was measured with a frequency counter.

Output Wave Shape

From Figures 38 and 5, it can be seen that the predicted waveform,
under all load conditions, is a square wave. Figure 10 is an oscillogram
of the waveshape of an unloaded inverter taken at the secondary ter-
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minals. Notice that it is a good square wave, but that there is a spike
on the leading edge. This spike is the overvoltage due to the tunnel-
diode current rising rapidly from the dwell region (I, + I,, at no load)
to I, before switching to the forward region of its characteristic.

It would, therefore, be expected that as the inverter is loaded, the
amplitude of the spike would be reduced, since the dwell region ap-
proaches I, and that the spike would disappear at full load conditions.

Figure 11 shows an oscillogram of an inverter under full load.
Notice that the wave shape is still square, and that there is no spike
on the leading edge.

Horizontal
Imsec./Div.

Fig. 11—Output waveform of a saturated-core push-pull
tunnel-diode inverter—full-load condition.

Inversion Efficiency, Operating Frequency, and Input Current

Using Equations (16), (19), (21), and (22), inversion efficiency,
operating frequency, power output and input current were computed
for transformer No. 5B using 12-ampere GaAs diodes.

Figure 12 compares the variation of inversion efficiency, operating
frequency, and input current, all computed for a given input voltage.
Measured values are taken at the same input voltage and at power
levels from 0 to 3 watts.

Comparison between the computed and measured performance shows
good agreement. The curves are in excellent agreement, indicating the
validity of the analysis. The discrepancy in operating frequency is
easily within the errors in the specifications for saturation flux density
and cross-sectional area of the core; furthermore, since the number
of primary turns is small (3 per half), it is difficult to be precise.
For example, a value of B, = 6800 gauss was assumed, while the
manufacturer’s data shows that B, may vary between 6600 and 8200
gauss.

It should be noted that in the computations, the transformer losses
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are not taken into account. It would, therefore, be expected that the
computed efficiency would be somewhat greater than the measured
efficiency. However, test results (see Figure 12) indicate that at full
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Fig. 12—Comparison between calculated and measured variation
of efficiency, frequency and input current with load.

load the efficiency is somewhat greater than predicted. This can be
explained as follows. As the load increases, the bias current, I,, for a
given bias voltage decreases, and as a result the high-voltage-state diode
dwells closer to the valley region. As can be seen in Figure 9, the
diode characteristic in this region is flatter than that calculated from
Equation (15) and hence E,,-z, and thus Vg, are greater than the cal-
culated values, leading to greater output power.
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Figures 13(a) and 13(b) compare the variation of inversion effi-
ciency, operating frequency and input current, computed at two input
voltages, with measured values taken at the same two voltages at a
power level of 40 watts.
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Fig. 13 (a)—Comparison between calculated and measured variation
of efficiency.

Notice that at this higher power level, the discrepancy between
computed and measured efficiency and input current are quite large at
partial load conditions, but at full load good agreement exists. It should
also be noted that at the higher input voltages, the discrepancies are
smaller. The difference between measured and calculated frequency
can easily be explained as before.

Table II lists the performance of tunnel inverters with power onut-
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puts of 3 watts to 200 watts. In all cases efficiencies greater than the
figure of merit were achieved. It should be noted that pairs of diodes
with the same figures of merit will not necessarily have the same effi-
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Fig. 13(b)—Comparison between calculated and measured variation
of frequency and input current.

ciency in a circuit because of differences in the forward part of the
I-V characteristic, which does not affect the figure of merit.

The discrepancy between measured and calculated efficiency and

input current are due to second-order effects not significant at low
power levels.

Second-Order Effects

As noted in the previous section, the major discrepancy between
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predicted and measured inverter performance was observed when high-
power inverters were operated at partial load. Under these conditions,
the efficiency was much lower than predicted.

Investigation showed that the low efficiency was due to the input
current being much greater than would be predicted at these partial-
load conditions, the expected values being I,, + 21, 4+ 2I, at open circuit
and I,, + 2I, + 21, + nl, when the inverter is loaded.

Further investigation revealed that under these no-load or partial-
load conditions, the input current depended not only on I,, I,, and I,,
but also varied with the operating frequency, squareness of the core
material hysteresis loop, circuit resistance, diode peak current, and
magnetizing current. These effects are discussed in more detail below.

Table II—Comparison between Measured Efficiency and Diode Figure of
Merit for Inverters of Various Power Levels

Figure of Power Output Measured Frequency

Diodes Merit % Watts Efficiency % cps
12 amp 60 3 78 400
25 amp 61 6 79 400
170 amp 59 40 70 400
350 amp 55 80 68 400
600 amp 55 140 68 400
1000 amp 50 220 — 400

a. Effect of Hysteresis Squareness and Circuit Resistance

In the derivation of the theoretical expressions for efficiency, it was
assumed that the total circuit resistance was zero and that the hystere-
sis loop of the core material used was perfectly square, i.e., B,/B ax)
= 1 where B, is the remanence value of B. In practice, however, neither
of these assumptions are correct, and at high power levels their effects
are significant.

If the total circuit resistance, R,, is not zero, but is smaller than
the negative resistance of the tunnel diodes (a necessary condition for
operation), then the voltage equilibrium equations become

low-voltage-state diode: Vy—ep, —e,— 4R, =0,

high-voltage-state diode: V,— er, + e, — R, =0.

When the core is saturated, i, = I, + I, and since R, is small, 7,R,
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may be neglected. However, during switching %, changes from I, + I,
+ 1, (assuming no load) to I,. Also, if B,/B .« <1, nd¢/dt > 0 after
saturation, and a small voltage ¢’,(¢’, < e,) will be developed as the
low-voltage-state diode current increases toward I,. The voltage
equilibria are now:

low-voltage-state diode: Vo—ep, —€p,— iR, =0,

high-voltage-state diode: V,—ep, +e,= 0.

As er, is much larger than V,, and ¢/, is small, the high-voltage-state
diode will switch to a low-voltage state. However the low-voltage-state

Fig. 14—Output wave shape showing step caused by poor
squareness and high resistance.

diode will be delayed from switching, with the current increasing slowly
to I, since e, increases as dt decreases. Since Vy = (ep, — 67,1)/2,
during this time V, = 0, as ey, is small. Thus, poor squareness and
high resistance prevent the diodes from switching simultaneously,
leading to an input current greater than predicted.

As the squareness is improved, d¢/dt is reduced, and hence dt can
decrease, i.e., the delay is lessened.

Figure 14 is an oscillogram of the output wave shape of the 40-watt
inverter operating at partial load. The step can be clearly seen. At low
power levels, these effects are very small. Figure 15 shows the varia-
tion of input current with input voltage under no-load conditions for
a three-watt inverter. It can be seen that the measured and predicted
values agree quite closely.

b. Effect of Operating Frequency

The delay caused by the poor squareness of the core-material hys-
teresis loop and circuit resistance is constant for a given core material
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and primary circuit. Under these conditions, the operating frequency
is determined by the core area alone. Thus, the lower the operating
frequency, i.e., the greater the period of oscillation, the smaller the
effect of the switching delay.

- Figure 16 shows the variation of the input current with frequency
and input voltage. It will be noted that the input current decreases
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Fig. 15—Comparison between calculated and measured variation
of input current with input voltage for open circuit.

with decreasing frequency to a minimum value at a given input voltage.
This minimum occurs where I, = 0.

c. Effect of I,

For a given transformer (I,,, R, frequency, and squareness fixed)
increasing peak current will increase the delay, and thus reduce the
partial-load efficiency of the inverter.

d. Effect of I,

For given core material and operating frequency, increasing I,,
reduces the delay, since the current change in the diode is reduced.

Figure 17 shows the effect of increasing the magnetizing current,
I,.. Three transformers were designed having I, in the ratios 1:2:3,
but the same operating frequency. It can be seen that for increasing
I,,, the input current at no-load conditions decreases.

g B S
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e. FEffect of Input Voltage

As can be seen from Figure 13 (b), as the input voltage is increased,
the discrepancy between measured and calculated values of input cur-
rents are reduced. This is due to the increase of I, with increasing
input voltage, reducing the current swing, and hence the switching
delay, in the diodes.

OPERATING FEATURES

Overload and Short-Circuit Operation

Figure 18 shows the effect of overload on an 80-watt inverter.
Figure 18a shows the output wave form at full load, Figure 18b shows
the wave form with slight overload, and Figure 18¢ shows the wave
form for heavy overload. It will be noted that the output voltage de-
creases with overload, and the operating frequency increases.
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Fig. 16—Variation of input current with frequency and
input voltage—no-load condition.



TUNNEL-DIODE INVERTERS 347

Tests were carried out to determine the effect of a d-c motor load
on the performance of tunnel diode inverters. Initially, the motor
presents a short circuit to the inverter, with the load decreasing as
the motor speed increases to its normal value. Thus, a 100-watt motor
initially overloads a 100-watt inverter.

However, the overload characteristics of the inverter are of value
in overcoming this problem, as the inverter provides some output even
at the overload condition (see Figure 18c). This output starts the
motor (assuming it is unloaded), and as the motor speed increases, it
unloads the inverter, the output of the inverter increases, causing the
motor speed to increase and so on until the motor is at normal speed.
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Fig. 17—Variation of input current with I and input voltage
with frequency constant—no-load condition.
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This effect is illustrated in Figure 19. Figure 19a shows the output
just after switching on the motor, and Figure 19b shows the output
with the motor at full speed.

This built-in short-circuit protection has the advantage of isolating
the load from the supply, and by eliminating the need for external short

(a)

Full Load

- AAAARAARY

Slight

) ))]])).

(c)

Heavy
Qverload

Fig. 18—Tunnel-diode inverter overload characteristiec.

circuit protection, reduces the weight and complexity of the circuit.
It also allows the inverter to be started under overload or short-circuit
condition, with normal operation resuming after the overload is re-
moved.

Operation at Elevated Temperatures

The major restriction on the operation of present tunnel-diode
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inverters at elevated temperatures is the solder materials used in the
diode fabrication. The dopant material and solders have relatively low
melting points, limiting operation to about 100°C. These limitations
may be overcome by replacing these solders with materials having

AAAAAAAAAAAARAAAAANARAAARA
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(a) Output waveform—motor switched on.

(b) Output waveshape—metor running at normal speed.

Fig. 19—Output waveshape of inverter showing effect of
d-c motor starting load.

higher-temperature capability. However, such materials must be care-
fully investigated to obtain good electrical characteristics.

An analytic study was performed to determine the variation of
efficiency with temperature, assuming the solution of the solder mate-
rial limitation, and using the normal temperature coefficients of peak,
valley, and forward voltages for tunnel diodes’ (—0.1 mv/°C, —6.8
mv/°C and —1.1 mv/°C, respectively), and the usual variation of valley
current with temperature.

9R. M. Minton and R. Glicksman, “Theoretical and Experimental
Analysis of Germanium Tunnel Dicde Characteristics,” Solid-State Elec-
tromics, Vol. 7, p. 491, July 1964.
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Figure 20 shows the variation of efficiency with temperature com-
puted for diodes having a figure of merit of 69%. It will be noted that
the efficiency remains at a high value over a wide range of tempera-
tures, and is 66% at 200°C.

As the major effect of elevated temperatures is to lower the diode
voltages, use of materials such as GaAs-GaP alloys with higher band
gaps than GaAs could improve high-temperature performance, since
the initial voltages would be higher.

Inverter Efficiency, %

50 100 150 20
Temperature, °C

Fig. 20—Variation of inverter efficiency with operating temperature.

Operation with Thermionic Generator as a Power Source

The operation of tunnel-diode inverters with thermionic generators
has previously been demonstrated” with an output of 20 watts being
achieved. Further tests have demonstrated an output of 60 watts at
110 volts, again demonstrating the feasibility of obtaining useful power
from thermionic-generator—tunnel-diode inverter systems.

Control of Frequency and Phase of Operation
The operating frequency of these inverters,

Vo
f=——— X 108 cycles per second, (21)
4ANBg

changes with load as the diode dwell points, and hence V,, changes
with load. For applications where a constant operating frequency
independent of load is required, or where both frequency and phase
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of several inverters must have a given relationship, such as in a three-
phase inverter, some form of control is required. As the tunnel diode
is a two-terminal device, any control must be external to the diode.

Marzolf!? described a circuit for using tunnel diodes in series, which
was triggered by an external pulse generator. This idea was applied
to the saturated-core, push—pull inverter to provide frequency and phase
control of the inverter.

Although this circuit operates satisfactorily, it has the disadvantage
of consuming relatively large powers and is critical in design. There-
fore a simple circuit called the “Overload” circuit was developed.

2N301

Trigger Winding
20-100 Turns
2N301

B

Fig. 21—Overload triggering circuit.

If an inverter is loaded such that the primary load current is greater
than Al —1I, —1,, the transformer core can not be saturated, and a
different mode of operation results. In this case, when V, is reached,
the diode must switch to the high-voltage state, even though the core
is still unsaturated, as there can be no further current change, causing
e, to collapse and disturbing the voltage equilibria.

This effect is utilized for triggering by employing the simple circuit
shown in Figure 21. Assume that the inverter is operating normally,

and that at some time 7', = 0, when point A is negative with respect
to B, a trigger pulse is applied so that the base of transistor A is driven
negative.

Under these conditions, transistor A conducts, and because tran-
sistor B is forward biased, this transistor also conducts. Thus, the
trigger winding is short circuited, overloading the inverter and causing
the tunnel diodes to switch to their opposite states. At this time,
transistor A is forward biased, and remains conducting. However,
transistor B is reverse biased, and has a positive base bias, and is
turned off, unloading the trigger winding. Normal operation continues

10J. M. Marzolf, “Application of Tunnel Diode Static Inverter to
Higher Input Voltages,” U.S.N.R.L. Report No. 5802, June 1961.
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until the trigger pulse polarity is reversed, at time ¢ =T\, ,» causing
transistor B to conduct. Again the trigger winding is short circuited,
and the tunnel diodes reverse their states.

Thus, the inverter will operate at a frequency determined by the
trigger frequency, provided the trigger frequency is greater than that
of the normal operating frequency of the inverter.

If n, is the number of turns on the trigger winding, then the peak

current I r flowing through the transistors is
a (AI—II)—"Im_nII,)N

Ip= (28)
Np

As the inverter is loaded, the peak triggering current decreases, and
the efficiency loss is reduced.

This circuit is extremely simple, and consumes very little power.
Since the short-circuit condition of the trigger winding is very short,
little power is dissipated in the transistors, eliminating the need for
heat sinks, while maintaining high efficiency. Also note that the over-
load circuit requires no d-c¢ power supply.

Figure 22 is a block diagram of a three-phase tunnel-diode inverter,
using overload triggering. Such a circuit was built and operated, using
separate 1-watt inverters.

DESIGN AND FABRICATION CONSIDERATIONS

Core Material Parameters

A study of the core materials listed in Table III established the
following guidelines for the proper design of a push—pull tunnel-diode
inverter with square-hysteresis-loop saturated cores.

1) For 5- to 10-watt inverters, where the magnetizing current
value is significant compared to the diode peak current, square
Permalloy 80 or equivalent is satisfactory. Test results indicate
good agreement with the predicted performance from zero load
to full load. Although this material has a relatively low square-
ness, the wave shape was very close to a square wave.

2) For inverters with higher power outputs, the choice of core
material depends on the character of the load. For an inverter
that is intended to operate at full load only, the problem of
hysteresis-loop squareness is not critical. In this case, a square
Permalloy 80 core or equivalent can be used. Usually cores
with higher flux densities have higher squareness. In that case



Material Type

Square Perm-
alloy 80

48 Alloy

Square mu 49

Ferramic “H”
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Table III—Summary of Important Parameters of Core
Materials Investigated
Permeability
at Sat., Square-
Flux Density at 400 ecps ness
Manufacturer (kilogauss) (gauss/oersted) (%)
Magnetics Inc. 6.6-8.2 ~25,000 80 up
Magnetics Inc. 11.5-14.0 ~25,000 80-92
Magnetic Metals
Co. 14.0-15.5 —- 92 up
Indiana General ~3.4 o ~55
Indiana General ~4.4 4,000 —

Ferramic “T-1”

the increase in I,, may be compensated for by lower values of
bias current I, or by moving the high-voltage-state dwell region
upward, which increases the output voltage. Such cases should
be analytically evaluated. In cases where the load varies from
partial load to full load, only cores with high squareness should

3 x 230V 400 cps Phase |
g Phase Il
g Phase |1l
0TC
é T 1 €
é L_"t Power
>“4 g Smly
- Master —4
o1 Oscillator
-
E Tl I l
E Three-Phase [~
g Network
0TC OTC 0TC
I I I
oTC
E— Tl T —

Tr. = Trigger Winding

OTC = Overload Triggering Circuit

Fig. 22—Three-phase tunnel-diode push-pull inverter block diagram.
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be considered. This includes the case when a low operating
frequency is required.

3) Ferrite cores, due to nonsquareness, low saturation flux density,
and very low saturation permeability, are not suitable.

Shape of Core Material

In initial transformer studies, ring-type laminations were used
because they provide a gapless core, and thus have the best saturation
characteristics and the lowest losses. However, toroidal cores have the
limitation of requiring either the use of sectional primary windings
or flexible windings. As the d-c resistance of the primary must be kept
in the low micro-ohm range for high-power inverters, toroidal cores
become unattractive from fabrication considerations.

Thus, studies were made with transformers made with DU-type
laminations, as this shape most nearly approached the gapless struc-
ture. Tests indicated performance similar to toroidal cores, and because
of the ease of fabrication of primary windings, this shape was used for
all high-power inverters.

Inverter Fabrication

The use of DU-type laminations allowed easy fabrication of very-
low-resistance primary windings. The technique used was to mill a
spiral cut in a thick-walled tube of appropriate dimensions, and then
to braze the center tap and diode connections to the spiral. Figure 23
is a photograph of a completed primary winding.

The transformer is completed by assembling the laminations through
both the primary and secondary windings, and then clamping the stack
together. Figure 24 shows two views of a completed inverter with the
tunnel diodes attached. The connections are made by bolting the trans-
former to the diodes and the diodes to a baseplate by insulated thru-
bolts, so as not to short the diodes.

This type of construction allows simple fabrication and assembly

with maximum flexibility in changing core material, secondaries, and
diodes.

Computer Program

The hand computation of the performance of an inverter can be
seen to be very time consuming because of the inter-relation of Equa-
tions (15) and (18).

Therefore, a computer program was written so that complete per-
formance calculations could be performed quickly. The values of the
diode and transformer parameters and the range of supply voltage and
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Fig. 24—Front and back views of a complete high-power
inverter (200 watt).

(341
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load in question are supplied to the computer, and the performance
expressions are solved using an interative approach to the V, and I,
relation of Equation (15). By varying the value of V,, a complete set
of performance curves for this inverter can be calculated, or by chang-
ing transformer parameters, an optimum design may be achieved.

CONCLUSIONS

Detailed studies were performed on saturated-core push—pull in-
verters to determine their mode of operation and to optimize their
design, particularly at high powers. A detailed theory of the operation
of these inverters has been developed, including second-order effects
such as core-material squareness factor and operating frequency, and
equations have been derived that allow the design of and predict the
performance of such inverters. These studies have shown that for
saturated-core push—pull inverters, the previously accepted theory of
operation is inadequate, and that efficiencies of 80 percent are attain-
able using tunnel diodes with figures of merit of 60 percent. It has
been shown that the shape of the tunnel-diode characteristic and trans-
former design are the controlling elements in inverter efficiency. Thus,
improvements in tunnel diodes from the use of materials such as
GaAs-GaP alloy would provide efficiencies in excess of 80 percent and
higher temperature capability.

Inverters with power outputs of up to 200 watts have been fabri-
cated and tested, and guidelines for their design have been established.
The tunnel diode inverter can also be operated at constant frequency
with negligible loss in efficiency by external triggering. This feature
also allows polyphase outputs, which was demonstrated with a three-
phase inverter.

Because of its simplicity, high power to weight ratio, tolerance
of overload and short-circuit conditions, high radiation resistance, and
temperature capability, the tunnel-diode inverter is an attractive device
for obtaining useable outputs with high efficiency from thermionic
generators.
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A SOLID-TO-SOLID DIFFUSION TECHNIQUE
By

J. SCOTT AND J. OLMSTEAD
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Somerville, N, J.

Summary—This paper describes a solid-to-solid diffusion technique that
permits precise control over a large range of surface concentrations. The
addition of a suitable dopant to an alkoxysilane results in a doped oxide
film that is used as a diffusion source. The effects on the diffused-layer
characteristics of impurity concentrations in the oxide, diffusion tempera-
ture, diffusion time, and diffusion ambient are presented. Methods of ob-
taining silicon dioxide layers by the pyrolytic decomposition of an alkoxy-
silane are also discussed.

Application of this technique permits the simultaneous diffusion of
n-type and p-type impurities without interaction, and still affords individual
control of surface concentration of all areas. As a resu’t, the number of
high-temperature heat cycles required is reduced for many purposes, and
greater flexibility in design is obtained. Because of the unique placement
of the source, novel photolithographic techniques are possible.

This new diffusion techmique provides ease of control and reproduci-
bility. A comparison with conventional diffusion techniques is presented.

INTRODUCTION

niques used to produce p-n junctions demonstrates the general

dissatisfaction with the techniques available for the varying
needs of the industry.! Examination shows that all these techniques
are attempts to improve one of two basic systems. The first of these
systems, generally referred to as the two-zone or carrier-gas process,
has been described in detail by Froseh and Derick? (this work describes
the diffusion system, together with the masking quality of silicon
dioxide). The diffusion system consists of a furnace that contains two
controllable heat zones. The impurity source is placed in the first zone,
and the wafers to be diffused are placed in the second zone. A slightly
oxidizing gas is then passed through the furnace and transports the
vapor from the impurity in the first hot zone to the wafers in the second

T HE CONTINUING increase in the number of diffusion tech-

1C. 8. Fuller and C. J. Frosch, Transistor Technology, Vol. 3, Van
Nostrand, New York, 1958; F. M. Smits, “Formation of Junction Structures
by Solid-State Diffusion,” Proc. IRE, Vol. 46, p. 1049, June 1958.

> C. J. Frosch and L. Derick, “Surface Protection and Selective Masking
During Diffusion in Silicon,” Jour. Electrochem. Soc., Vol. 104, p. 547, Sept.
1957.
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hot zone. The first hot zone controls the vapor pressure of the source
and can be eliminated if the source used is sufficiently volatile at room
temperature.

The second approach, which has been described by L. A. D’Asaro,’
utilizes a closed box containing the wafers and the impurity source.
The impurity is introduced from a solution of impurity oxide in silicon
dioxide. When the box is heated to diffusion temperature, it fills with
the vapors of the impurity. The silicon wafers then act as a “sink”
for these impurities.
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Fig. 1—Surface concentration as a function of source temperature for P:Os
two-zone diffusion system.

Both of these methods and their many variations have been applied
with reasonable success for surface concentrations at or near the solid
solubility of the impurity in the silicon at the diffusion temperature.
For surface concentrations much below this value, however, these
methods do not give reproducible results and become less controllable.

Figure 1 illustrates the problems encountered in attempting to
achieve low surface concentrations. This figure shows surface concen-
tration as a function of source temperature for a typical P,O; two-zone
diffusion system. It can be seen that control of source temperature is
extremely difficult if a surface concentration less than about 1020 atoms
per cubic centimeter is required.

The box method becomes troublesome because the whole system
cannot approach a satisfactory near-equilibrium condition. (This is

3L. A. D’Asaro, “Diffusion and Oxide Masking in Silicon by the Box
Method,” Solid-State Electronics, Pergamon Press, 1960, Vol. 1, No. 1, pp.
3-12, i
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also true, but to a lesser extent, for the two-zone system.) In theory,
the surface concentration is determined by the vapor pressure of the
impurity source. The vapor pressure, in turn, is controlled by the
temperature and, in the case of the box method, by dilution of the
source. In practice, the walls of the box complicate the situation by
becoming a secondary source, because the quartz box is a sink for the
impurity. Near equilibrium can only be approached as the box becomes
saturated with the impurity. Unfortunately, as the box approaches
saturation, the surface concentration approaches the maximum solid
solubility of the impurity in silicon at the diffusion temperature, i.e.,
the source effectively switches from the dilute mixture to the saturated
walls of the container. Thus, the box method is acceptable only for
high concentrations.

Because of these major difficulties, deposition and redistribution
methods have been adopted to achieve values of surface concentration
below the solid solubility. First, a short deposition step utilizing one
of the above techniques is employed to saturate the surface with dopant.
A drive-in step without the presence of the source is then used to
redistribute the impurities and achieve the final depth and surface
concentration. However, the fact that the redistribution is accom-
plished without the presence of a source changes the type of distribu-
tion from the complementary-error function to a modified Gaussian
type. Furthermore, the control of depth and of surface concentration
become interdependent, so that two steps are required and the process
is thus less easily controlled. It is necessary to control two times and
two temperatures, as well as the ambient, during drive-in. The latter
is necessary because oxide is being regrown during the drive-in and a
portion of the original impurity introduced in the deposition step is
being consumed in the oxide.

THE SOLID-TO-SOLID DIFFUSION TECHNIQUE

In an ideal arrangement for solid-state diffusion, the impurity
partial pressure should remain constant and independent of diffusion
time. Furthermore, the partial pressure should not be a strong func-
tion of temperature. Transport should be accomplished in such a
manner that all areas of the wafer surface would be subject to equal
impurity-flow densities. A close approximation of such an ideal ar-
rangement would be to place an inert solid source containing the desired
impurity in intimate contact with the silicon and diffuse from this
solid at the same temperature.

The solid-to-solid diffusion process described employs an adaptation
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of the technique described by E. L. Jordan® for the deposition of silicon
dioxide films. Jordan describes the deposition of silicon dioxide by the
pyrolytic decomposition of an alkoxysilane such as ethyl silicate. In
the present process, simultaneous pyrolysis of a metal-organic com-
pound containing the desired impurity is used to deposit an oxide
containing this impurity on a silicon wafer.” Subsequent heating of
the coated wafer results in diffusion of the impurity into the silicon.
The surface concentration is then determined primarily by the con-
centration (impurity level) and diffusion coefficient of the impurity
in the oxide. A single high-temperature diffusion step is employed
to obtain this junction.

CONTROLLER

WAFER

FLOWMETER _]

‘——/j ARJTZ/

Qu.
FURNACE THERMOCOUPLE
TUBE AND
SAMPLE HOLDER

SILICONE
olL

DOPED ALKOXYSILANE
Fig. 2—Apparatus used for deposition of silicon dioxide films.

The concentration of impurity in the doped oxide depends on the
partial pressure of the metal-organic compound during the deposition
step. If the dopant is dissolved in the alkoxysilane, the partial pressure
P, of the dopant for an ideal system is given by

PA:XaPuO

where P,° is the vapor pressure of the pure substance and X, is the
mole fraction of the dopant A. In a nonideal solution, the interaction
of solute and solvent causes deviations from this relationship. In any
case, there is a unique dependence of vapor pressure on the mole frac-
tion, i.e., the proportion in the mixture determines the surface con-
centration.

Experimental Method

Figure 2 shows the apparatus used to accomplish the depositions.
The carrier gas is saturated by passage through the bubbler containing

4 |. L. Jordan, “A Diffusion Mask for Germanium,” Jour. Electrochem.
Soe., Vol. 108, p. 478, May 1961.

5 J. Scott and J. Olmstead, U. S. Patent 3,200,019.
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the mixture of organo-oxysilane and the organic dopant. Pyrolysis of
the gas in the hot zone of the furnace leads to the deposition of an
impurity-containing silicon dioxide on the wafer. Because of the rela-
tively low temperatures (approximately 750°C) and short times (ap-
proximately 10 minutes) involved, there is little or no diffusion into
the silicon during the deposition step.

The diffusion is accomplished as described above and as shown in
Figure 3. In step 1, the silicon wafer is cleaned and placed in the

STEP CROSS SECTION

[ WAFER
1) SILICON l SILICON J

DOPED Si0,(SOLID SOURCE)

Vs

2) DEPOSITED DOPED
SILICON DIOXIDE LAYER

DOPED $i0,

r

3) IMPURITY DIFFUSED
AT HIGH TEMPERATURES

Z DiFFUSED LAYER

Fig. 3—Steps used in solid-to-solid diffusion process.

furnace. In step 2, the “doped” oxide is deposited. In step 3, the wafer
is heated at the diffusion temperature for the desired time to obtain
the required depth.

With this technique a wide variety of surface concentrations can
be obtained easily once variables such as surface concentration as a
function of impurity percentage in the bubbler have been established.

EXPERIMENTAL DATA

The following data, which were generated for boron diffusion using
trimethyl borate as the organic impurity, demonstrate the control avail-
able with this technique. Figure 4 shows the relationship between
diffusion depth and the square root of time. This curve demonstrates
the same time dependence observed with existing techniques.

Figure 5 shows surface concentration at various diffusion tempera-
tures as a function of the percentage of trimethyl borate in the oxy-
silane solution for a 750°C, 10-minute deposition. It can be seen that
the surface concentration can be controlled easily over two orders of
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Fig. 4—Diffusion depth as a function of the square root of time for boron
diffusion using trimethyl borate.

magnitude. Figure 6 shows the same type of data for a low-vapor-
pressure organic tripropyl borate. The lower vapor pressure provides
the advantage of a more constant mixture that does not deplete as
easily.

Figure 7 shows surface concentration as a function of diffusion
time. It can be seen that depletion occurs more rapidly with a diffusion
source obtained by a one-minute deposition than with the thicker layer
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Fig. 5—Surface concentration as a function of solution concentration for
three diffusion temperatures (750°C, 10-minute deposition).
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Fig. 6—Surface concentration as a function of solution concentration for
low-vapor-pressure organic tripropyl borate.

of oxide obtained from a ten-minute deposition. The thicker oxide is
a good approximation to an infinite source for the diffusion times indi-
cated. The data shown in this figure and in Figure 4 support the
assumption of a complementary-error-function type of impurity dis-
tribution. The curves of surface concentration as a function of time
for three different diffusion temperatures in Figure 8 also demonstrate
that the oxide source depletes very slowly with time and for most
diffusions may be considered an infinite source.
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Fig. 7—Surface concentration as a function of diffusion time.
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Fig. 8—Surface concentration as a function of diffusion time for
three diffusion temperatures.

The middle curve of Figure 8 is replotted in Figure 9 for two types
of diffusion ambient gas. The ambient gas can be used to obtain some
further control of surface concentration. The differences in the diffu-
sion process for different gases can be explained by the chemistry of
the reduction of the impurity oxide. Most reported systems employ
oxides of the impurities as the transporting species. These oxides must
then be reduced to supply the silicon with the elemental impurity. This
reduction occurs somewhere at the Si-SiO, interface.
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Fig. 9—Surface concentration as a function of diffusion time for two
types of ambient gas.
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If R represents a chemical impurity and RO its oxide, the reduction
process proceeds as 2RO + Si = SiO, + 2R. The dissociation reaction,
2RO = 2R + 0., is ruled out by a consideration of free-energy change
for the reaction. While the first reaction is proceeding, the silicon also
oxidizes by the reaction Si + O, = SiO..

If the oxygen concentration is decreased, the third reaction shifts
to the left. The increase in concentration of silicon then shifts the first
reaction to the right and thereby increases the concentration of the
elemental impurity available for diffusion. In addition, as the concen-
tration of oxygen in the ambient increases, oxide formation occurs at
the interface of the doped oxide and the silicon, and the concentration
at the surface is further reduced. Therefore, the ambient may have

2 WAFERS DEPOSITED; DIFFUSED FOR 16 HOURS AT 12900C

WAFER NO. 1 WAFER NO. 2
V/I = 1.4 OHM V/I = 1.30HM
Rs = 6.3 OHMS Rg = 5.85 OHMS
Xj =20MLS Xj = 20MLS
Cp =18%10" Co =19x10"

Fig. 10—Results obtained on two wafers prepared by new
solid-to-solid diffusion technique.

control over both surface concentrations, C,, and the concentration
profiles obtained. Figure 10 illustrates the control of surface-conduc-
tivity parameters and reproducibility obtained utilizing this technique.

A system for n-type diffusions can be obtained in a similar manner
by use of trimethyl phosphate in place of the trimethyl borate used
for the p-type diffusion. As in the case of boron, the surface coneen-
tration is not a strong function of deposition time. A standard deposi-
tion time of 10 minutes and a temperature of 750°C were chosen for
the following data.

Figure 11 shows surface concentration as a function of the per-
centage of trimethyl phosphate at temperatures of 1100, 1200, and
1300°C. These curves, which represent drive-in times of both 1 and 4
hours, show some dependence on time of diffusion. Figure 12 shows a
slight dependence of surface concentration on diffusion temperature for
various dilutions. Figure 13 shows that, as in the case of boron, an
adjustment of the ambient gas produces a change in the surface con-
centration obtained.

The diffusion technique has cne other major advantage in addition
to the control of surface concentration and reproducibility. Placing
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Fig. 11—Surface concentration as a function of solution concentration for
n-type diffusions at three different temperatures.

the diffusion source directly on the surface of the semiconductor per-
mits great versatility in selective solid-state diffusion. The versatility
of the new system is best shown by a comparison with conventional
diffusion methods. Figure 14 outlines the conventional sequence:
growth of a silicon dioxide mask, etching of openings by photolitho-
graphic techniques, and then diffusion of impurities through the holes
to form the p-n junction.
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Fig. 12—Surface concentration as a function of diffusion temperature for
various solution concentrations.
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Fig. 13—Surface concentration as a function of diffusion time for two
types of ambient gas.

In contrast, the use of a solid source provides a choice of sequences,
as shown in Figure 15. The operation can be performed conventionally,
or the procedure can be reversed so that the “solid source” is deposited
over the wafer and then removed by photolithographic techniques from
the areas where diffusion is not desired before the wafer is exposed to
diffusion temperatures.

Because of this new flexibility, simultaneous diffusions of both p-
and n-type impurities are possible. Simultaneous diffusions of p, pt,
n, n+, and various other combinations have been carried out. Combina-
tion of this technique with existing diffusion methods makes possible

oxpiZE0 SLcoN m:
Si

PHOTOLITHOGRAPHICALLY &
MASKED AND ETCHED 10,
i
P-N JUNCTION
DIFFUSED S0,
si

Fig. 14—Steps in conventional diffusion sequence.
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Fig. 15—Steps in solid-to-solid diffusion technique.

the fabrication of many complex structures that could not previously
be made without the use of numerous high-temperature diffusions.
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Summary—Canada’s first satellite communication ground station 1s
located at Mill Village, Nova Scotia. The antenna is an 85-foot paraboloid
with a new type of Cassegrainian feed system. The antenna covers a wide
frequency range and has adjustable polarization, high efficiency, low moise
temperature, and large power-handling capability. Automatic tracking in
both direction and polarization is possible. The beam width of the feed is
about the same in nmearly all of the receiving frequency band (3700-4200
me) and the transmitting band (5925-6425 mc). The antenna uses a multi-
mode mulii-horn source aperture that illuminates the hyperboloid—para-
boloid reflector system with an optimum field distribution for both sum
and difference modes. The low loss (about 0.25 db in the complete duplexer
multi-mode coupler mode-filter system) and high quality of overall match
(VSWR = 1.25) is achieved by the wse of high precision ridged waveguwide
elements. The main feature of the antenma is the precisely controlled
primary pattern, which assures very low spillover radiation around the
hyperboloid. As a consequence, the overall antenna efficiency is about —2
db in the receiver band, and about —3 db in the transmitter band.

INTRODUCTION

ground antennas for satellite communications systems. The basic

problem is the provision of an antenna with autotrack capability
and high gain/noise-temperature ratio at low cost. Since operation
with several different satellite systems may be desirable, the antenna
should be capable of operation over a wide frequency band and with
various polarizations.

Analysis of existing and planned wide-band communication satellite
systems indicates that the ground antenna should have a gain/system-
noise-temperature ratio of at least 40 decibels for elevation angles of
5% or more (system noise is here expressed in decibels relative to 1°K).
Because of inherent limitations on system noise temperature in the
4-gigacycle band, where the down-link frequency of presently planned
satellite systems lies, an antenna gain of nearly 59 decibels for the
received signal is required. Several approaches to the problem have
been described in the literature.

I[N RECENT years, considerable effort has gone into the study of

369
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The installation at Andover, Maine uses a horn reflector.!> In other
installations, the electrical advantages of the horn reflector have been
combined with the structural simplicity of a symmetrical Cassegrainian
arrangement.’” In these installations, the horn reflector serves as the
feed system, thereby assuring low spillover radiation. The possibility
of still further structural simplification was shown by P. D. Potter®
and P. A. Jensen,” who utilized higher order wave-guide modes in a
relatively small source aperture in order to control the secondary pat-
tern and obtain high gain/noise-temperature ratios. Foldes and
Komlos® showed that optimum performance can be extended into dif-
ference modes and into a wide frequency band by using a multimode-
multihorn source, resulting in an arrangement somewhat similar to
Ricardi’s 12-horn system.’

The present paper is a continuation of the work described in Refer-
ence (8). The design of the antenna was based on the following
requirements:

(a) optimization of the performance-to-cost ratio for the overall
antenna complex, where performance is characterized by the ratio of
antenna gain to noise temperature;

(b) use of a minimum number of microwave component types;

(¢) provision of large flexibility in operational modes, and cover-
age of wide frequency band in order to accommodate the feed for the
possible change of frequency requirements;

(d) assurance of low circuit loss and difference mode minimum
depth by the use of highly symmetrical waveguide cross sections;

(e) good aperture field distribution for the main reflector in the

1J. S. Cook and R. Lowell, “The Autotrack System,” Bell System Tech.
Jour., Vol. 42, Part 2, p. 1283, July 1963.

2 A. J. Giger, S. Pardee, Jr., and P. R. Wickliffe, Jr., “The Ground
Transmitter and Receiver,” Bell System Tech. Jour., Vol. 42, Part 1, p. 1063,
July 1963.

3C. E. Profera and A. F. Sciambi, “A High Efficiency Low-Noise
Antenna Feed System,” IEEE PTGAP International Symposium on Space
Communication, Boulder, Colo., p. 83, July 1963.

4G. B. Von Trentini, “Erregersysteme fiir Cassegrain—Antennen,”
Frequenz, p. 491 (Sonderausgabe Bd 17/1963).

58. P. Morgan, “Some Examples of Generalized Cassegrainian and
Gregorian Antennas,” Trans. IEEE PTGAP, Vol. AP-12, p. 685, Nov. 1964.

6P, D. Potter, “A New Horn Antenna with Suppressed Sidelobes and
Equal Beamwidths,” Microwave Jour., Vol. 6, p. 71, June 1963.

7P. A. Jensen, “A Low-Noise Multimode Cassegrain Monopulse Feed
with Polarization Diversity,” NEREM Record, p. 94, 1963.

8 P. Foldes and S. G. Komlos, “A New Multimode Monopulse Feed,”
NEREM Record, p. 100, 1963.

9 I,. J. Ricardi and L. Niro, “Design of a Twelve-Horn Monopulse Feed,”
IRE International Convention Record, Part 1, Vol. 9, p, 49, 1961.
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receiver frequency band (3700-4200 mc) while maintaining at least
—3 db efficiency in the transmitter (5925-6425 mc) frequency band
(this requirement gives more importance to the receiving operation,
which is the basic system limitation in any satellite communication
ground station) ;

(f) provision of freedom for the field alignment of the feed rela-
tive to the main reflector;

(g) provision of both circular and orientable linear polarization
(in changing the plane of polarization, movement or rotation of large
elements is to be avoided).

DESCRIPTION OF OVERALL SYSTEM

Requirement (a) above virtually dictates the use of some form of
Cassegrainian system. In this type of radio optics, the radiating source
first illuminates a primary reflector, which in turn reflects the wave
toward a secondary reflector. In the simplest form of Cassegrainian
system, the radiating source aperture is small and the subreflector is
in its far field. Then the subreflector is a symmetrical hyperboloid and
the secondary reflector is a symmetrical paraboloid. Mechanical sym-
metry results in the simplest construction and minimum weight, and
therefore was used as the basis of the antenna design. An 85-foot-
diameter solid paraboloid with a focal distance of 36 feet and r-m-s
surface tolerance (half-path-length error) of 0.040 inch is used for
the main reflector. This type of paraboloid is relatively easily fabri-
cated and has known mechanical characteristics. It represents a good
compromise among weight/aperture-area ratio, rigidity, and weight of
feed-support structure.

To illuminate such a relatively flat paraboloid with low spillover
requires an illuminating aperture of 10 or more wavelengths. There-
fore, an 8.5-foot-diameter hyperboloid subreflector with a focal distance
of 18 feet is used. Such a subreflector is large enough to virtually
eliminate spillover radiation around the edge of the paraboloid; the
spillover radiation problem is thus transferred to the region around
the edge of the subreflector.

The control of this spillover radiation and, more generally, the
control of the illumination provided by the source system for the hyper-
boloid, is the central problem of any Cassegrainian antenna and is
discussed later in more detail. The control of the illumination is de-
pendent on proper field distribution in the source aperture. The purpose
of the source system is to provide this distribution at its aperture
where the guided wave (in the source) is launched into a freely propa-
gating wave.
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Figure 1 is a simplified block diagram of the radiating source
system when it is operated in a linearly polarized mode that may be
oriented in any plane. In principle, this system is relatively simple
and, with the exception of the mode filter, does not contain any radically
new elements. The transmitter (Tx) terminal (WR-159) accepts high
power (up to 10 kilowatts CW) in the 5925 to 6425 megacycle band.
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Fig. 1—Block diagram of feed system.

This power is divided into two equal parts. Each half of the power
travels through a cutoff section and a band-pass filter that provide
more than 125 db attenuation below 4200 megacycles and have less than
0.13 db attenuation for the Tx frequencies. In addition to these filters,
the arm connected to the side output of the source system has an
adjustable phase shifter using a short-slot hybrid with noncontacting
plungers. The outputs of the Tx band-pass filters are connected to the
receiver (Rx) bandpass filters at the junctions (S) and (C), which
form the duplexing points, with negligible junction effects. Beyond
these junction points, both the center and side-arm powers of the
transmitter are divided into four equal parts by the use of identical
wide-band hybrids. (The four-way power division is necessary to
introduce monopulse tracking capability for the 3700 to 4200 mega-
cycle receiving band). After these manipulations, the center and side-
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arm powers are recombined in a four-port orthogonal coupler that has
four square-waveguide outputs. Each of these cross sections support
the TE,, and TE,; modes corresponding to the center and side outputs
of the system. Each of these modes is decomposed in the following
symmetrical diamond transformers and converted into a left and right
circularly polarized wave by the 90° differential phase shifter that
terminates the four-port circuit. Up to the output of this phase shifter,
the system can be considered as a wideband four-horn system that
radiates linear polarization where the plane of polarization can be
oriented by the adjustable phase shifter. If the power divider following
the Tx terminal is left out and the Tx terminal is directly connected
to the center or side arm of the duplexer, then the system becomes
left or right circularly polarized.

The waveguides between the four-port orthogonal coupler and ter-
minals C and S have rectangular, double-ridged cross sections. These
assure low loss in the Rx frequency band and the suppression of higher
order modes at Tx frequencies. The wide-band folded hybrids have a
Gaussian side-wall taper that results in the unique feature of better
than —38 db reflection coefficient for the sum terminal and —46 db
isolation for the difference terminal. The difference-mode terminal is
matched only for Rx frequencies.

The waveguide cross sections between the orthogonal coupler and
differential phase shifter (polarizer assembly) are square with ridge
loading on each side. The orthogonal coupler is a wide-band version
of a component described elsewhere.’ The differential phase shifter
is a waveguide section loaded by 11 irises that have a binomially
tapered penetration. All the above-mentioned components have indi-
vidual reflection coefficients of —37 db or better in the Rx and Tx
frequency bands.

The four-port polarizer launches four individual TE;, modes into
the mode filter, which is an oversized square-waveguide section with
various loading elements. The mode filter has two basic purposes: (1)
to match the four-port circuit to the multimode horn and (2) to pro-
duce a symmetrically tapered field distribution in the aperture of this
horn. It should be emphasized that the matching conditions must be
simultaneously fulfilled for the communication (sum) and tracking
(difference) modes in their corresponding frequency bands. Further-
more, the matching elements must not destroy the axial ratio and main
to cross-polarized difference-mode ratio. Additionally, the pattern-

10°S. G. Komlos, P. Foldes, and K. Jasinski, “Feed System for Clockwise
and Counterclockwise Circular Polarization,” Trans. IRE PGAP, Vol. AP-9,
p. 577, Nov. 1961.
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shaping elements must work in such a way that the width of the
pattern in the Tx band is about equal to that of the Rx band, although
the Tx band is 60% higher in frequency. With the exception of some
basic theoretical considerations regarding the cross section and length
of the mode-filter section, the details of this element were determined
by cut and try procedures. The end result was an oversized square-
waveguide cross section capable of supporting the TE,,, TE;; + TM,,,
TE,, TE,; + TM,,;, and TEg, modes. This waveguide, approximately
2X long, has a series of crosses at the input end for matching the sum
and difference modes and a series of posts at the output end for pat-
tern shaping. The mode filter is followed by a square horn that has
about a 5\ aperture size in the transmitting band.

The operation of the system for the received frequencies is basically
identical to that for the Tx operation, except that the direction of
propagation is opposite and that band-stop filters are used in the receive
arm of the duplexer instead of the cutoff waveguide sections of the
transmit arm.

The difference-mode operation of the system is somewhat uncon-
ventional, mainly because it combines two independent monopulse
systems. One monopulse system is realized in the center multimode
system and is obtained through the three wide-band hybrids of the
monopulse combiner. This system is quite effective, even though the
difference-mode aperture is only 1/2 the optimum value.!* This limita-
tion is removed by the addition of the auxiliary system, which is a
standard four-horn monopulse system consisting of four circularly
polarized rectangular horns located symmetrically around the multi-
mode square center horn. The horns are diagonally fed, and circular
polarization is achieved by the selection of horn length and aperture
aspect ratio. The auxiliary and center systems together assure an
optimum difference mode, i.e., they provide a spillover efficiency almost
as good as for the communication mode, and thus provide good pro-
tection against ground reflections at low elevation angles. The combined
difference modes (D, and D,) also have the advantage of lower cross
coupling than that which exists in the center monopulse system alone,
and nearly constant difference-mode slopes with varying attitudes of
incoming linear polarization.

Figure 2 is a photograph of the complete radiating source system
prior to its installation into the feed-positioning mechanism and feed-
housing cone. Figure 3 shows the hyperboloid subreflector positioning
mechanism.

11 P, W. Hannan and P. A. Loth, “A Monopulse Antenna Having Inde-
pendent Optimization of the Sum and Difference Modes,” IRE Internationac
Convention Record, Part 1, Vol. 9, p. 57, 1961.
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Fig. 3—Phetograph of hyperboloid adjusting and mounting

mechanism.
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MoDE-FILTER DESIGN

Electromagnetically, the most interesting component in the radi-
ating source is the mode filter. Ideally it is a device that provides a
transition between the four incident TE,, modes and the desired com-
plex mode distribution in the aperture of the multimode horn. In
principle, the field in the aperture of the multimode horn can be
synthesized by the proper selection of the phase between the incident
elementary TE,, modes and the geometry of the mode filter. Although
it is not suggested that this complicated synthesis problem was solved
or even completely understood during the present project, a description
of the behavior of this element can be given.

The four-port to one-port transition in its basic, uncompensated
form is a very effective mode generator, supplying a large number of
modes. Even if the single-port (oversized) square-waveguide section
is in cutoff for the m 4+ n =3 modes, some of these modes reach the
horn, because a relatively short mode filter is required for wideband
operation. This attenuation cannot be increased by the reduction of
mode-filter cross section because the impedance-matching problem
becomes unmanageable.

For sum-mode performance, the TE,,, TE,;, and TE,, modes are
the most important. These will be abbreviated as a, §, and £ modes,
respectively. The pattern of the combined a + (A /Z¢)8 mode differs
primarily in the E plane from the pattern of the pure o mode, while
the pattern of the o + (B/¢)¢é mode differs mostly in the H plane.
In the above expressions, A and B are the amplitude ratios, while ¢
is the phase difference between the modes in the aperture of the horn.
Table I gives the sidelobe level, , in db and the 9-db width of the main
beam (9 db was found to be the optimum edge illumination for the
hyperboloid) in relative units for various amplitude ratios and mode
phase differences. According to the table, an E-plane beam width to
H-plane beam width ratio of 0.72 and E-plane side-lobe level of 13.2 db
(with A = B = 0) can be improved to a beam-width ratio of 0.9 and
E-plane side-lobe level of 19 db with A = 0.6, B = 0.2, and 20° = ¢
= 60°. As the propagation velocities of the § and £ modes are very
close, it seems to be possible to keep these two modes nearly in phase.
Then, the major problem is the adjustment of A and B and the phasing
of the @ mode relative to § and ¢ in the operational frequency band.

The adjustment of A, B, and ¢ is relatively easy experimentally
when the frequency band is narrow (about 6 to 8%) and side-lobe
level requirement is only 20 db. Double-frequency-band operation is
somewhat more difficult, but still manageable when the VSWR require-
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ment is not very stringent. However, it is quite difficult to obtain

high-quality patterns and match in double the frequency band.
Figure 4 indicates the geometry of some of the most successful

mode-filter configurations. Each of these arrangements has special

Table I—Pattern Characteristics of the a« + (A £¢)38 and
a+ (B/¢)E Modes

a4 (Ayzep)d E plane
w
A 0 20 40 60
K foan K Boan K Ooan K Goan
(decibels) (decibels) (decibels) (decibels)
0 13.2 J2
2 17.3 .78 16.8 .78 15.6 .78 14.5 .76
4 23.5 .84 21.2 .82 17.2 .84 14.0 J9
.6 28.6 .90 25.5 92 21.6 .92 19.0 .89
.8 37.5 1.06 37.6 1.06 21.2 1.08 18.0 1.20
a4 (B /£ ¢)¢ H plane
#°
B\ 0 20 40 60
K Boan K Boan K Boan K Boan
(decibels) (decibels) (decibels) (decibels)
0 23.0 .99
2 27.0 1.04 27.5 1.02 25.6 1.00 24.0 1.00
A4 36.0 1.10 35.5 1.08 33.5 1.04 32.0 1.02
.6 40 1.18 38.6 1.18 34.0 1.14 31.1 1.10
.8 40 1.40 38.5 1.25 33.0 1.23 30.2 1.16

features that are advantageous for certain applications. The arrange-
ment shown in Figure 4(a) results in very high quality patterns in
about 10% frequency band by the fine adjustment of the coupling holes
between the four individual waveguides. However, the matching of
this coupling system requires additional posts or irises.

The cross arrangement, Figure 4(b), is quite good for double-
frequency-band operation, and has the advantage that cross separation
controls the match and pattern of the Tx band, while the posts con-
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veniently shape the Rx pattern. The stepped transition of the arrange-
ment in Figure 4(¢) is a convenient way to balance the 8 and £ modes,
and thus improve impedance behavior at the high-frequency end. It
also has been a good matching characteristic for the difference modes.
Finally, in the arrangement in Figure 4(d) (which was used in the
present installation) a choke is connected parallel with the 4-port to
1-port transition as a means of obtaining a very high quality wide-
band match.

utl T U
Je) O oo
T7IV7IY 2 2 B o
00| c
nfl i
a b
TRANSITION WITH TRANSITION WITH
COUPLING HOLES COUPLING CROSSES

o 0 o
o
ln 1
c d
TRANSITION WITH TRANSITION WITH
STEPS AND POSTS CHOKE

Fig. 4—Various forms of mode filters.

Figure 5 shows the average 9-db beamwidth (fy,,,.), average first
side-lobe level (k,.) and beam-width ratio fy,,5/09q,n With the arrange-
ment in Figure 4(b) in double-frequency-band operation. For com-
parison, the figure shows the same characteristics for an identical-size
square horn excited by pure TE,, mode. It can be seen, that the multi-
mode horn has less elipticity in the main-beam cross section and lower
side-lobe level. Both of these features improve the gain/noise-tempera-
ture of the overall antenna system.

The posts indicated in some of the mode-filter configurations are
very convenient elements in shaping the sum-mode pattern, but they
tend to increase the cross-polarized component in the difference modes.
On that basis their penetration was restricted to assure at least 10-db
cross coupling between the two difference channels.
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HiGH-POWER Low-Lo0ssS DUPLEXER

Another special area of the feed system where some new components
had to be developed is the duplexer. The primary function of the
duplexer is to permit the use of a single antenna for simultaneous
transmission at +70 dbm cw in the 6175 10 6425 megacycle band (F,,)
and reception of a —100 dbm signal in the 3960 to 4200 megacycle band
(F,;). The secondary function is to provide the selection of right or
left circular polarization, or a linear polarization with any orientation.

35
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Fig. 5—Main characteristics of the source pattern for TE,, mode and for
modes achieved by mede filter.

The indicated frequency bands are determined by the duplexer filters
and could be shifted by substituting differently tuned filters. Figure 6
shows the assembly drawing of the duplexer, where the symbols Rx,
Tx, and A indicate the receiver, transmitter, and antenna terminals,
respectively. The receiver arm contains a band-pass filter for the re-
ceiver channel and a band-stop filter to provide extra isolation at the
transmit frequency. Both of these filters are designed in a single
ridged waveguide (SR175), and a transformer is provided to match
this arm to the standard WR229 waveguide. The transmitter arm con-
sists of a band-pass filter for the transmitter channel and a cutoff
section to enhance the isolation in the receiver channel.

Since an extremely low noise temperature is required in the receiver
band, the receive arm must provide a very low loss path for the received
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signals so as to limit the duplexer’s contribution to the system noise
temperature. On the other hand, due to the extremely large difference
(>170 db) in the levels of the transmitted and received signals, the
duplexer must provide isolation between the Tx and Rx terminals
greater than 185 db at the transmitter frequency and 100 db elsewhere,
so as to limit the deterioration of receiver noise caused by interfering
signals. Under these conditions the design must result in minimum
noise for the receiver, whether it comes from thermal or intermodula-
tion sources.

’
BANDPASS FILTER &%, &@ N
BANDSTOP FILTER /« ~_of \‘
;’ @ -
TRANSFORMER ©@ %
' MANDMSS &

FILTER

9959 o
" e CUT -OFF
\ / SECTION

Fig. 6—Assembly drawing of duplexer.

Electromagnetically, the design must provide the largest possible
slope for the transfer curve between the Rx and Tx terminals and
between the highest receive and lowest transmit frequencies. A stand-
ard band-pass filter by itself cannot be expected to provide the largest
ratio of isolation to pass-band loss, since it tends to have fairly large
losses in the pass band and spurious responses at about 1.5 times the
pass-band frequency. A band-stop filter alone would not be able to
handle the high transmitter power (voltage limitation in the first
cavity) and would provide isolation over only a narrow band. The
optimum arrangement was found to be a band-pass filter providing
more than 85 db isolation throughout the 5925 to 6425 megacycle
transmit band and a band-stop filter to enhance this by another 100 db
over a T0-megacycle band centered on the transmitter frequency. The
total isolation of the filter combination is more than 100 db over the
whole 500-megacycle transmit frequency band. For application where
additional isolation is provided between the low-noise front and the
mixer of the main receiver, this isolation is adequate for the whole
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transmitter band. When such isolation is not provided, the band-stop
filter must be changed whenever the transmit frequency is changed.

The total receiver channel loss in the duplexer is kept below 0.14
db, the major contributor being the band-pass filter (=0.09 db) with
the band-stop filter (=0.04 db), the transformer, and the Y junction
contributing the remainder. This represents a noise-temperature con-
tribution of about 9.5°K. When the band-stop filter is removed, the
noise-temperature contribution drops to 6.5°K.

In the transmitter arm of the duplexer, 125 db isolation is provided
between the {ransmitter and receiver for the 4-gigacycle spurious
signals originating in the high-power amplifier. The loss in the trans-
mitter band is kept to a minimum (0.1 db) to prevent overheating of
the duplexer due to absorption of the transmitter power.

A band-pass filter was included in the transmitter arm because it
provides the possibility of tuning out reflections in the duplexer Y,
more isolation at 4 gigacycles for a given pass-band loss, smaller
physical size, and a certain amount of protection against the modula-
tion products on the high-frequency side of the transmitter frequency
band. It also provides an extremely well-defined short circuit at the
receiver frequency. However, to provide 125 db isolation, a six- or
seven-cavity design would have been needed; the compromise arrived
at to reduce the complexity consists of a three-cavity band-pass filter
contributing about 65 db isolation and a cutoff section adding another
60 db.

Duplexer Y

The duplexer Y is a symmetrical shunt junction that accepts a
double-ridged waveguide (DR175) on the antenna port and has built-in
transformers to single ridged waveguide (SR175) on the receiver arm
and to rectangular waveguide (WR175) on the transmitter arm. The
Tx band-pass filter is soldered to the Y, while the Rx band-pass filter
is attached by a flange.

Transmitter Band-Pass Filter

The Tx band-pass filter is a three-cavity direct-coupled design in
which TM,,-mode cylindrical cavities are used to minimize transmission
loss in the transmit band and reflection loss in the receive band. The
cross section of the filter is made up of three intersecting circles; the
dimensions of the diameters and the spacings of the centers of the
circles are such as to give proper response. The edges at the aperture
have a 0.062-inch radius to give good high-voltage breakdown prop-
erties. Tuning screws, used only for fine adjustment of the match,
have very small penetrations, thus increasing the voltage-handling
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capability to nearly that of the undisturbed waveguide. In fact, power
handling is limited by the heat production, and practical experience
shows that no cooling fins are required for CW transmitter power
output up to 10 kilowatts.

The Cutoff Section

The cutoff section is a six-inch length of special-cross-section
rectangular waveguide (WR120) with transformers added on both
ends. The width of the guide is chosen to maximize the ratio of isola-
tion in the receive band to insertion loss in the transmit band in the
TE,, mode. The height of the guide is the maximum permissible that
will still prevent TE,,-mode propagation below 6425 megacycles. Two-
step transformers adapt to WR175 on the Tx band-pass filter side and
to WR159 on the output side. The transformers and cutoff waveguide
are built in one piece.

The Receiver Band-Pass Filter

This unit is of the direct-coupled design in a single-ridged wave-
guide (SR175). The waveguide is optimized to provide minimum loss
in the receive band without propagating the TE,, mode in the transmit
band. The coupling posts are capacitive in the pass band and provide
high isolation in the transmit band, where they are almost series
resonant. The elements have no sharp corners, thus reducing the pos-
sibility of arcing at high power. Because the attenuation at transmit
frequencies is more than 15 db per cavity, only the first cavity at the
Y junction handles appreciable power.

Band-Stop Filter

The design consists of seven external cavities coupled to an SR175
waveguide through slots on the top wall, with the length of the slots
controlling the stop-band width. The equal-cavity design gives a fre-
quency response characterized by the Tchebychev functions of the
second kind, i.e., maximum isolation for a given number of sections.
The coupling lengths between cavities are approximately 3/4 A, at fy
and are adjusted to give a reflection minimum in the receive band.
Final matching in the receive band is achieved by small adjustments
of tuning screws below each slot.

The maximum isolation of these filters is more than 135 db, too
great to permit tuning and measurement on any conventional micro-
wave bench. A special high-isolation swept-frequency setup has been
developed for this purpose to plot isolations up to 135 db.

Twin Duplexer

In the actual twin-duplexer system, two of the above-described
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duplexers are connected in parallel on two arms of the Rx band and Tx
band power-divider hybrids. In this arrangement the arm connected
to the side system of the feed contains the adjustable phase shifter,
while a phase-compensating section is inserted into the other arm.
When the phase shifter is in the center position, the phase-compen-
sating section assures 0° (vertical) polarization at midfrequency. In
this phase-shifter position, the polarization attitude may differ by +3°
from the vertical at the limits of the frequency band. When the phase
shifter is at its end positions, the polarization is #=90° at midfrequency
and is within 6° relative to this at band limits. Attitude error can be
reduced by a more refined phase-compensating section, but this was
not required for the present application. The attitude error was taken
into account by calibration accurate to +0.2°.

Table II—Cone Structure Characteristics

Overall Length ........coviiiiiiieninnnnnnnnn 218 inches
Diameter at Base ...............cccoveiinnnn.. 96.1 inches
Diameterit ToD: crbme T immsrdh o iums sl s ar i5ms 51.4 inches
Included Angle ...........cc.iiiiiiinnnannnn. 11° 42’ 28~
Weight of Skin ..iouvswesssindmicosiams s sme 1520 lbs.
Total Weight (including equipment) ........... 4500 lbs.
Maximum Lateral Deflection at the Tip ........ 0.025 inch
Lowest Natural Frequency Under Full Load
(calculated). rciiunimsas vie s sommimesie st e 50 cps

MECHANICAL CONSIDERATIONS

The feed system is made up of three somewhat independent sub-
systems, namely the microwave circuit, the feed cone, and the hyper-
boloid.

The microwave circuit consists of the radiating source and the
duplexer. These units are supported by independent frames and can
be readily separated for maintenance.

The main function of the cone, which is fabricated of 3/16-inch
welded aluminum sheets, is to house and support the feed frame
assembly and its positioning mechanism. The cone also houses para-
metric amplifiers, monopulse receivers, tunnel-diode amplifiers, down-
converters, preamplifiers, noise-measuring equipment, and the like. In
addition it can accommodate two men for maintenance or testing of
equipment. A 1600 cfm blower changes the air in the cone every 10
minutes. Physical characteristics of the cone are shown in Table II.
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The feed-horn assembly is so mounted that it may be adjusted =2.5
inches in a direction perpendicular to its axis, =7 inches parallel to
its axis, and the axis may be tilted =3°. These adjustments are used
to ensure that the axis and phase center of the horn assembly coincide
with the axis and focus of the paraboloidal dish, respectively.

The second major unit in the Cassegrainian feed is the subreflector
assembly. The hyperboloid reflector has a five-degree freedom of
movement. It can be moved along and rotated about two mutually
perpendicular axes, both parallel to the aperture plane, and it can also
be moved along the axis of the subreflector. The principle of operation

Fig. 7—Principle of hyperboloid adjusting mechanism.

can be described by the use of Figure 7 where the point A represents
the axis of the subreflector, which is perpendicular to the plane of the
drawing, S. By suitable adjustment of the bar lengths, K;, K, and
K,, any desired lateral and angular position of the subreflector may
be obtained. Figure 8 is a sketch of the most important parts of the
mechanism. A reversible electric motor provides the axial motion of
the hyperboloid.

MEASURING TECHNIQUES

The successful development of a feed system, which is relatively
complicated in fine details, depends to a very large degree on the
measuring techniques used. It is beyond the scope of the present paper
to give a full description of these techniques, but some of the more
interesting ones are mentioned briefly.

Reflection Coefficient

The swept-frequency method is used for the measurement of reflec-
tion coefficient of the wide-band components. The necessarily wide-band
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hybrid used as a directional coupler is a slightly modified version of
the hybrid used in the monopulse combiner. This hybrid has better
than —40 db isolation and better than —20 db reflection coefficient in
the 3700 to 6425 megacycle frequency band for all terminals. For the
measurement of reflection coefficient of the mode filter, the complete
multimode coupler (monopulse combiner—polarizer assembly) was
utilized. This was possible because the multimode coupler in itself was

BALL SCREW FOR AXIAL MOVEMENT PRIMFA:SDYS
TIE
SUPPORT SHAFTS SUPPORTING SLEEVE !
STUD | SECONDARY TIE ROD

HYPERBOLOID

MECHANICAL
AXIS
MOTOR
MAIN SUPPORT CENTRAL SUPPORT STRUCTURE MOUNTING
TUBE CARDAN SURFACE
JOINT CENTRAL SUPPORT SHAFT

STUD 2 CENTER FRAME LINEAR BALL BUSHINGS

Fig. 8 —Hyperboloid adjusting mechanism.

very well matched (input reflection coefficient better than —28 db when
terminated by a four-port dummy load instead of the mode filter).
Under the same loading conditions, the isolation between C and S or
between D,q and D,y (see Figure 1) are all better than —35 db, and
the axial ratio in the phase shifter is 1 db or better. When the multi-
mode coupler is terminated by the mode-filter—horn assembly, the
coupling between C and S measures the reflection coefficient of the
mode filter for the sum mode, while the coupling between D;; and Dy,
indicates the reflection coefficient of the mode filter for the difference
modes.

High-lIsolation Measurements

In the development of high-rejection filters, it was necessary to
monitor the transfer function of these components over a wide fre-
quency band with a wide dynamic range. About 500-megacycle swept-
frequency range and 140-db dynamic range was achieved by the use
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of a circuit in which two sweep generators were locked together with
70-megacycle i-f frequency separation. The signal of one sweep gen-
erator was amplified by a 15-watt traveling-wave tube, while the other
generator was used as the local oscillator at the receiving end, which
has a 30-megacycle-wide i-f strip. Under these conditions the transfer
curve of filters can be displayed on an oscilloscope, and tuning over
the full frequency and dynamic range of interest is possible.

Low-Loss Measurements

For measurement of low transmission loss values, either dual
channel Weinschel? equipment or a somewhat modified classical short-
circuit technique!® was used. Both of these techniques resulted in loss-
measuring accuracies better than +=0.02 db. To measure such low loss
figures, particular attention had to be paid to the waveguide flanges.
Generally, lapped joints were used with a flatness of better than 100
microinches and surface roughness of about 8 to 10 microinches.
Whenever practical, similar roughness values were maintained on the
inside of the waveguide components. All the components were silver
plated and the plating was protected by a thin layer of gold. As surface
roughness was only about 1/3 of the skin depth, the theoretical con-
ductivity value of a smooth silver surface was nearly realized.

The dual-channel loss-measuring equipment is ideal in the case of
an essentially two-terminal component (such as a band-pass filter).
However, for multiple-terminal circuits such as hybrids, the short-
circuit method is more practical. A special arrangement had to be used
for the loss determination of the polarizer, which requires a circularly
polarized detector or short-circuit network. This component was meas-
ured by connecting two identical polarizers back to back and then
terminating the whole assembly by a short circuit. Such an assembly
behaves as a linearly polarized component and the measured loss is
twice that of one polarizer.

Radiation Characteristics

The feed system was tested in an anechoic chamber 30 feet in length
and about 20 feet in cross section. Wall reflections were below —40 db.
The antenna was placed on a turntable, which made possible the rota-
tion of the feed about its phase center. In most instances the feed was
used as a receiving antenna. Two independent test signals were intro-

12“Dual Channel Insertion Loss Test Set,” Weinschel Engineering
Application Note No. 4, 1962.

13 Handbook of Microwave Measurements, edited by M. Sucher and
J. Fox, Chapters VI and VII, Vol. 1, Polytechnic Press, New York, 1963.
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duced to probe the radiation pattern of the system under test. The
main test horn was placed on a mount that permitted remote adjustment
of its distance from the feed and of its polarization. This test horn
was set at a distance of 18 feet (focal distance of hyperboloid) from
the phase center of the feed and was directed along the axis of the
chamber. An auxiliary test horn was also placed at the same distance
but offset by about 4 feet in the 45° plane relative to the vertical. With
this arrangement, the two test horns are approximately in the direction
of the D, and D.. difference-mode maximums when the turntable is
rotated toward the auxiliary test horn by about 12° relative to the axis
of the chamber. The main test horn is then connected to No. 1 sweep
generator and the auxiliary horn to No. 2 sweep generator, both sweep-
ing in the same frequency band. The feed is terminated by four iden-
tical detectors at the S, C, Dy¢, and D, terminals. The No. 1 sweep
generator is synchronized with two dual-beam oscilloscopes. The four
detectors are connected to the four available channels of these oscillo-
scopes, which then show the signals received by the center-sum, side-
sum, and two difference-mode terminals.

Under these conditions D, gives the horizontal difference-mode
signal (main polarized) and D.. gives the cross-polarized horizontal
difference-mode signal (which ideally should be zero). The No. 2 sweep
generator is synchronized to a third oscilloscope that is also connected
to the detectors at D;; and D... When the turntable is rotated to
§ — 12°, this oscilloscope indicates the vertical difference-mode signal
at § =12°, but D;¢ now corresponds to the cross-polarized signal and
D, is the main polarized signal.

With this setup, virtually all the pattern characteristics can be
monitored simultaneously, on a swept-frequency basis, while adjust-
ments are made on the feed. With # = 0° turntable position and con-
tinuously rotating main test horn, the oscilloscope pictures reveal the
axial ratio and equality of the S and C sum-mode levels and the null
depth (symmetry) of the difference modes for all frequencies and
incoming polarizations of interest. With # = 12° turntable position,
where the difference-mode maximums of the center system are located,
the axial ratio of the difference modes and the level difference between
main and cross-polarized difference signals can be seen. At # =15°,
which corresponds to the edge of the hyperboloid, both the edge taper-
ing and the axial ratio of the sum modes at that angle can be monitored.
This direction of the sum modes corresponds to about —9 db edge
tapering. If the axial ratio is within 2 db for the whole 0 to —9 db
portion of the sum-mode beam, then two conditions are simultaneously
fulfilled: (1) the main beam is nearly axially symmetrical and (2) the
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side-lobe levels are about 18 db or better for any pattern cut or any
incoming polarization. Finally, it was found that the smoothness of
the received sum or difference signals (versus frequency) particularly
at § = 15°, is a very good measure of the impedance match.

The only radiation characteristics that cannot be monitored by the
above-described display are the phase patterns. For the measurement
of these patterns, two separate homodyne'' bridges were assembled,
one for the 4-gigacycle and one for the 6-gigacycle band. Phase-
measuring accuracy was about 1°.

For permanent recording of any of the radiation characteristics,
discrete frequencies and continuously varying angles were used.
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Fig. 9—Measured VSWR of the communication and difference channels
(see Figure 1).

EXPERIMENTAL RESULTS

Figure 9 shows the input VSWR measured at the communication
and difference channel inputs. It can be seen that the reflection coeffi-
cients are generally —20 db or better. It was found that relatively
high-quality matching was necessary in order to maintain the proper
amplitude and phase relationships between higher order modes in the
multimode horn, to keep the internal losses of the feed low, and to
maintain good axial ratio for the sum as well as difference modes in
the radiation pattern. Figure 10 shows the isolation characteristics
of the duplexer. The actual isolation between the Rx and Tx terminals
is about 25 to 30 db higher for the circularly polarized operation modes
due to the additional isolation available in the orthogonal coupler.

14 F, L. Vernon, Jr., “Application of the Microwave Homodyne,” Trans.
JRE PGAP, Vol. AP-4, p. 110, Nov. 1952.
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Table IIT summarizes the loss values in the individual circuit ele-
ments. All values were determined by calculation as well as by meas-
urements; the values given in Table III are measured values, except
in the case of the mode filters and horn, where the measurement of loss
was not possible. Although there were some minor discrepancies be-
tween the calculated and measured loss values for the individual com-
ponents, these discrepancies averaged out, and the overall measured
loss was within 0.02 db of the calculated value. It is significant to note
the very low losses, in spite of the complexity of the overall circuit.

Table III—Summary of Loss Measurements and Equivalent Noise Temperature in the

Rx Frequency Band

Aver-
Frequency (megacycles) 3900 3950 4000 4050 4100 4150 4200 age
Individual Circuit Element Loss (db)
Power-divider hybrid .......... .018 .014 .014 .014 .014 .014 .014
Adj. phase-shifter ............. 015 .013 .010 .010 .009 .009 .009
Center-system duplexer #1 ..... .062 .089 .076 .082 .087 .101 .114
Side-system duplexer #2 ....... 063 .090 .091 .087 .098 .103 .110
Monopulse combiner ........... 0563 .059 .047 .046 .045 .047 .046
Side-system 4-way power divider. .090 .082 .077 .073 .085 .094 .083
Polarizer (based on one channel) .090 .080 .075 .069 .066 .078 .082
Mode filter and horn (calculated) .014 .013 .013 .012 .012 011 .011
System Loss, 185-db Isolation (db)
Center-system ................. 262 268 .235 .233 .233 .260 .276
Sidesystem .iciie smissisamne s s 290  .292 280 .265 .286 .311 .311
Average ............ciiiiinnnn. 271 280 .253 .249 .260 .285 .293
Circular polarization (center-sys-
£72) ¢+ ) B 219 241 211 .209 .208 .237 .253 .225
Linear polarization ............ 271 280 .253 .249 .260 .285 .293 .270
System Loss, 85-db Isolation (db)
Center-system ................. .232  .238 .205 .203 .203 .230 .246
Side-system ................... .260 .262 .250 .235 .256 .281 .281
AVOrage . orvisienms SivsesiesaTe 241 250 .223 .219 .230 .255 .263
Circular polarization (center-sys-

TEM) 5o e s 189 211 181 179 .178 .207 .223 .195
Linear polarization ............ 241 250 .223 .219 .230 .255 .263 .240
Noise Temperature (°K), 185-db Isolation
Circular polarization ........... 139 154 134 13.2 132 151 161 14.3
Linear polarization ............ 173 179 161 159 16.6 182 187 17.2
Noise Temperature (°K), 85-db Isolation
Circular polarization ........... 119 134 114 113 113 13.1 142 123

15.3

Linear polarization ............ 15.4 159 14.2 13.9 14.6 16.3 16.8
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Fig. 10—Isolation (loss) between different terminals of high-power

low-loss duplexer.

This indicates the importance of very high surface finish and high-
quality impedance matching for low-noise applications.

Figure 11 shows the axial ratio versus frequency for the different
radiation modes. The axial ratio for the sum mode is given along the

w
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Fig. 11—Measured axial ratios (center and side sum at § =0° and

differences at 6 = 6° azimuth angle),
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axis of the feed system, while that for the resultant difference modes
is in the direction of the principal maximum (about § = 6°). It should
be noted that these axial ratios are not the same as the axial ratios in
the secondary pattern; however, they are closely related to them. The
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Fig. 12—Measured sum mode patterns in receiver band;
f =4 gigacycles, center system.

true secondary axial ratios can be determined from the complete polari-
zation distributien of the primary patterns.

Figures 12, 13, and 14 show the commumnication receive (sum) pat-
tern, the tracking receive (difference) pattern, and the communication
transmit (sum) pattern. The pattern “cuts” were taken in the 0°,
45° and 90° planes. Note the very high degree of axial symmetry and
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low side lobes of the receive patterns and the still optimum beam shape
of the transmit patterns in spite of the 60% higher frequencies. An-
other important radiation feature of the feed is the nearly optimum
beam width of the resultant difference-mode pattern as compared to
the sum mode.

D2c *= DIFFERENCE
— —-— PATTERN OF
CENTRE SYSTEM
Dzp * DIFFERENCE
—— PATTERN OF
R g Sl AUX. SYSTEM
D, = RESULTANT
DIFFERENCE
MODE PATTERN
(R
D2a
L Lz/
L | /
D2
e %f\/
B \
\
- 1 ' 8
- m {, PO“ |
-
T2° 36° o} 36° 72°

ANGLE

Fig. 13—Measured difference mode patterns; f—4 gigacycles, 45° plane.

Figure 15 shows the effect of phase errors in the sum-mode pattern
as a function of frequency. The data actually displayed is an equivalent
r-m-s surface tolerance caused by the nonperfection of the source pat-
tern. The equivalent r-m-s error was determined from three plane cuts
of the phase patterns. It is interesting to note that the phase center
itself is closer to the throat of the horn than for a basic mode horn,
but has very small variation with the orientation of the horn or with
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frequency. It was found that the phase center (P in Figure 15) was
6 = 1 inches behind the 10-inch horn aperture for both the Rx and Tx
frequency bands. The constancy of phase center position is related to
the axial symmetry and frequency independence of the main-beam

—— -— H PLANE
e sl sl 45° PLANE —
— — E PLANE
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-
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/AR \
| an il ,d'l i o ‘\‘
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| - \“J | 30db f
I
| iy
1o \
72° 36° ] 36° 72°

ANGLE

Fig. 14—Measured sum mode pattern in transmit band;
f = 6.2 gigacycles, side system.

shape. The result is very significant, because it means a sharply defined
point source and makes possible optimum focusing of the source relative
to the hyperboloid in wide frequency band. Figure 16 indicates another
important phase characteristic of the feed, namely the relative phase
shifts at the various output terminals as a function of the attitude of
incoming polarization. Generally, the phase between a signal at C and
D,¢ or D, varies slightly with chunging input polarizations. This
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change offsets the optimum alignment of the monopulse receiver, which
operates on a phase—amplitude basis. It can be seen that for the com-
bined overall system, in which the phase errors in the center and
auxiliary system are averaged, the maximum differential phase error
is less than +5°, which is well within the tolerable practical limit. The
graph also shows that the phase of the signals at C and S vary in the
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Fig. 156—Effective “surface tolerance” versus frequency.

opposite direction with a high degree of linearity. The symmetry and
linearity of these curves are additional measures of the quality of
circular polarization in the system, because for ideal circular polariza-
tion the curves become symmetrical straight lines. Note that D,g
difference signal should have zero amplitude in an ideal system if the
feed is rotated in the plane of the D, signal; in practice, it has a finite

value and opposite sense of polarization to the useful difference signal
D,

CALCULATED SECONDARY CHARACTERISTICS

It is generally accepted that the secondary characteristics (gain
and noise temperature) of a microwave optics system can be deter-
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mined to a fair degree of accuracy by calculations based on a sufficient
amount of primary (feed) pattern characteristics. The secondary
radiation characteristics of large, complex antenna systems are quite
difficult to measure directly, and the accuracy of such measurements

- ‘ 1 T | |
r ( ‘
B I N \ 1 thRENT;AW
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“T@=—Dg (8:12°)
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-------- O (875°)!
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1| - ?FE::(
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LAT £=3980MC/S |

[R - —IsGE[ | [
N T

90 80 70 60 50 40 30 20 10 O y°

Fig. 16—Relative phase shift versus polarization angle for the different
output terminals.

in many instances does not exceed the accuracy available from predic-
tion based on primary characteristics.

In this section only two calculated characteristics of the secondary
pattern are included, namely, the antenna efficiency (gain) as a func-
tion of frequency (see Table IV) and the noise temperature as a
function of elevation angle (Figure 17).
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The antenna efficiency is the most general and important charac-
teristic of the antenna, and is defined as follows: the antenna efficiency
n for the B terminal is the magnitude of the transfer function between
the basic waveguide mode in aperture B and the unipolarized plane
wave with constant amplitude and zero phase in aperture C. Here,
aperture C is defined as a circular aperture with a nominal diameter

Table IV—Summary of Efficiency Factors and Gain of the Antenna (db)

Frequency
(gigacycles) —nr —nn  —Msu —Usp  —y —N4  —Npr —Npr  —Np — G
3.8 100 .400 993 116  .172 302 .062 .048 .153 2.336 57.92
3.9 040 .243 .880 .100 .052 287 .063 .058 .153 1.876 58.61
4.0 040 .242 768 .084 .031 .266 .074 .071 .153 1.729 58.98
4.1 .021  .240 757 .068  .058 306 .095 .090 .153 1.788 59.13
4.2 .040 .256 639  .052 .101 370 119 112 153 1.842 59.28
Av =1.869 58.82
5.9 100 320 1.656 .100 .237 405 125  .140 .158 3.241 60.85
6.0 .020 .320 1.333 .040 .424 317 136 .145 158 2.893 61.24
6.1 .020 .314 197 025 .611 .887 .215 .150 .158 3.178 61.19
6.2 020 .320 .622 .020 .828 1.005 .275 .155 .158 3.403 61.15
6.3 060 .326 557 015 .611 983 .330 .160 .158 3.201 61.46
6.4 .042  .360 745 .020 .612 1.075 .380 .165 .158 3.556 61.23
Av =3.286 61.15
Note: The above figures are calculated for the linearly po'arized operational mode,

with an average orientation of polarization. For circular polarization the re-

sultant gain is practically identical. The accuracy of gain fi~ure for the re
frequency band is better than .25 db; for the transmitter frequency band

ceiver
, 1t 18

better than .35 db. 7su + nsp = ns, where sz and 7sp are the effiziencies corre-
sponding to spillover radiation around the hyperboloid and paraboloid reflectors,

respectively.

of 85 feet. This aperture is perpendicular to the axis of the ideal bore-
sight direction and the antenna and is centrally positioned in the focal
plane of the paraboloid. The above definition of C includes the effect
of the various blockages, as well as losses in the waveguide circuit. It
is assumed that aperture C is in free space, i.e., no effects of the radome,
ground, building, etc., are included.

The terminal B can be either a sum or difference mode input
terminal.

Only the efficiency of the communication channel is considered here.
The restriction of unipolarization in aperture C is not substantial,
because any elliptically polarized incoming wave can be expressed in
terms of linearly polarized orthogonal components.
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The accurate expression for 5 is fairly complicated, but, for most
practical purposes, the following approximation is adequate:

N = MRNLNSMMAT P B>
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Fig. 17—Noise temperature of the antenna versus elevation angles
(components and overall system).

where ng 1s the reflection loss at the terminal B,
nr is the insertion loss between terminal B and C,

ng 1s the spillover efficiency, defined as the ratio of the main
polarized power intercepted by the paraboloid to the
main polarized power in the aperture of the source, as-
suming a perfectly transparent hyperboloid and sup-
porting quadrupod,
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ny is the main polarized power efficiency, defined as the
ratio of main polarized power radiated by aperture C
relative to the total power radiated by the same aperture,

n4 is the amplitude (or illumination taper) efficiency, which
takes into account the nonuniform-field amplitude dis-
tribution of the antenna in the plane C,

np is the phase-distribution efficiency, which takes into ac-
count the nonuniform-field phase distribution of the
antenna in plane C,

np is the blockage factor, which takes into account the in-
complete utilization of the aperture C.

These factors are determined by a method that utilizes the meas-
ured source patterns, loss, and isolation data. The details of this
method were worked out by two of the authors (Foldes and Komlos).
Table IV gives the individual contributory efficiencies and the overall
efficiency in —db, i.e., the given db figure must be deducted from the
theoretical gain figure of an ideal antenna with identical aperture size.
Because of the multimode properties of the feed system, the 5¢ and 7,
efficiencies vary irregularly, as reflected in the gain figures indicated.

Figure 17 shows the noise temperature of the antenna system versus
elevation agle. This figure assumes a Hypalon-coated Dacron radome
with a diameter of 120 feet and a wall thickness of 0.055 inch, the
terrain existing at the site, spillover radiation characteristics of the
feed system, the atmospheric losses, and the internal losses given in
Table I. In calculation of noise temperature, the attenuating effect of
the feed losses against external noise-temperature sources was included.

CONCLUSIONS

On the basis of measured primary characteristics the following
main conclusions can be obtained:

(a) It is possible to control the aperture distribution c¢f a primary
source, through the use of higher order modes, in such a way that an
approximately —2 db antenna efficiency can be maintained in the large
portion of the 500-megacycle receiver frequency band of communica-
tion satellite systems.

(b) The relative complexity necessary for mode control and opera-
tional flexibility does not exclude the possibility of low internal loss
figures.

(¢) The resultant system has a high gain/noise-temperature ratio
with a relatively simple, conventional paraboloid reflector, but accurate
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fabrication techniques and sophisticated measuring methods are neces-
sary to produce the feed itself. The penalty of the more complicated
feed is more than offset by increased simplicity of the overall antenna
system.
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HIGH-EFFICIENCY, HIGH-ORDER, IDLER-LESS
FREQUENCY MULTIPLIERS USING
HYPERABRUPT VARACTORS

By

E. MARKARD AND S. YUAN

RCA Communications Systems Division
New York, N. Y.

Summary—Expressions for the efficiency and power-handling capa-
bility of high-order, idler-less frequency multipliers as functions of the
nonlinearity coefficient are developed. It is shown that the efficiency of
such multipliers can be increased substantially if the varactors possess a
high monlinearity coefficient, v, i.e., hyperabrupt junction. Since it 18 a
reactive device with a large reverse breakdown voltage, the hyperabrupt
varactor can convert a large amount of power at microwave frequencies.
Input power in excess of one watt can easily be handled, since hyperabrupt
varactors having a reverse breakdown wvoltage of 75 wolts are presently
available.

An experimental times-eight idler-less multiplier using a hyperabrupt
varactor (with v = 0.875) multiplying from 500 to 4000 megacycles gave
an efficiency of 25% including passive circwit losses. The tuning is ex-
tremely simple, since the circuit involves only input frequency and output
frequency loops. It has also been demonstrated that this multiplier is able
to accept wide ranges of drive power without retuning.

INTRODUCTION

HE efficiency and power-handling capability of varactor fre-
l quency multipliers are highly dependent upon the nonlinearity
coefficient of the capacitance (or elastance) variation. For a
graded or an abrupt-junction diode, the efficiency drops off very rapidly
as the order of multiplication is increased if no idlers are provided.
It is desirable to avoid the use of idlers, since they add to the com-
plexity of the multiplier circuit and can make tuning quite difficult.
In order to accomplish high-order efficient multiplication without the
use of idlers, varactors with high nonlinearities are required. Such
varactors are referred to as being hyperabrupt. Until very recently
hyperabrupt varactors were available only in very small quantities as
engineering samples. Now, however, they are becoming available as
standard products.
At the present time, it appears that when varactor junctions are
made hyperabrupt, it is done at the expense of cutoff frequency.!

1J. J. Chang, J. H. Foster and R. M. Ryder, “Semiconductor Junction
Varactors with High Voltage-Sensitivity,” I.LE.E.E. Trans. on Electron
Devices, Vol. ED-10, p. 281, July 1963.

400
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However, as y increases, there is a net increase in the conversion re-
sistance in spite of the effect of the degraded cutoff frequency. Hence,
although for low-order multipliers (doublers and triplers) hyperabrupt
varactors have no particular advantage over abrupt varactors, they
do offer definite advantages when the case of high-order multiplication
without idlers is considered.

In this analysis, an expression for the efficiency of a high-order
multiplier without idlers as a function of the nonlinearity coefficient
is developed. The analysis is carried out in general terms, except where
a specific example is introduced to simplify the mathematics involved.
In particular, the efficiency of a times-eight multiplier employing a
varactor that has a nonlinearity coefficient y = 0.875 is optimized.

FUNDAMENTAL VOLTAGE-CHARGE RELATIONSHIP

The general expression for the elastance—voltage relationship for

a varactor diode is
Ve+ V \7
S = Sm NG (1)
Vot Vs

where
S is the elastance (reciprocal capacitance) of the reverse
biased diode;

V is the applied reverse voltage, which is opposite in
sign to the built-in contact potential, V, across the
junction over most of the operating range;

V¢ is the contact potential, and is in the order of a frac-
tion of a volt;

V) is the breakdown voltage of the varactor diode;
v is the nonlinearity coefficient of the varactor diode;

S, (= 8,..,) is the elastance of the reverse-biased diode at break-
down voltage.

Figure 1 shows a plot of normalized elastance as a function of nor-
malized voltage.
The elastance is also given by the slope of the voltage—charge curve,

1 av
S=—

P (2)
C dq.
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Charge as a function of voltage can be derived by combining Equations
(1) and (2);

(Vo + V) av
de = . (3)
Sm (Ve+ V)7

Integrating Equation (3),

(Ve+ Vi)
Q=——"—"—- Vo +V)1-7+K, (4)
(I_Y)Sm

where K is the constant of integration; y, of course, must not be unity.

Fig. 1—Normalized elastance as a function of normalized voltage.

When the applied voltage, V, just cancels the contact potential, so that
Ve+ V=0, K equals the charge on the junction, —Q.. Thus,

(Vo+ V)Y
Q+Q=——""—(Vo+ V)17, (5)
(1 _Y)Sm
where
Vcl'—'y
Q=—"—"—Vg+ Vg (6)

The maximum charge the junction will support, Q,, occurs at the
breakdown voltage, Vp, and, from Equation (5), is
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(Ve+Vpg) )
Qc * Qm:——- (7)
(li=— Y)Sm
Substituting Equation (7) into Equation (5),
Ve+V \1—7
Qc + Q — (Qc + Qm) N, Wi . (8)
Ve+ Vg
Equation (8) can be rewritten
Vet+V Q.+ Q \V/1-7 _
- 5 (9
Ve+Vy Q.+ Q.

> \ /]
Ve+V 4 R / lyer
Vc+ Vg A |
1 N4 I
N\ l—“;/ l
2l
= Y= I
Q.+Q !
Q. +Qy,

Fig. 2—Normalized voltage as a function of normalized charge.

Figure 2 is a plot of normalized voltage as a function of normalized
charge. As y approachés zero, the voltage—charge curve approaches a
straight line, and the diode capacitance becomes constant. As v in-
creases from zero toward unity, the capacitance deviates more severely
from linearity. Since Q,+ @, is a function of y, as expressed by
Equation (7), the maximum charge the junction can support increases
as y increases. Therefore, it should be noted that the normalizing
factor in Figure 2 is a function of y. Referring to Equation (7), for
an abrupt-junction diode (y =1/2),

2(Ve+ V)
Qc+Qm:—S— ) (10)
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and, for a graded-junction diode (y=1/3),
(Ve + Vp)
———Sm .

3
Qc+Qm:— (11)
2

The normalized diode voltage, (Vo + V)/(V, + V), can be plotted
as a function of charge normalized to Q, + Q,, for the abrupt junction,
as shown in Figure 3.

| __________ —— e —— — - — — —
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74 |
7] 1
>4 1 |
Pz I i
~ ! |
ol I \
-
— | 1
3 ]
4
Q. +Q
Q¢ +Qm

Fig. 3—Normalized voltage as a function of charge normalized to the
maximum charge of an abrupt junction.

Since the instantaneous power is the product of voltage and cur-
rent, and current is the time derivative of the charge, it is obvious
that the peak currents and, therefore, the peak power, must be higher
for larger y.

TAYLOR-SERIES REPRESENTATION

The voltage—charge relationship can be represented by a Taylor
series expansion about a quiescent point, g,, with a time-varying com-
ponent, ¢, such that

Q=qo+4q. (12)
The pertinent Taylor expansion is

2 (q0)
f(aqo+q) =f(qe) +fV(qy) ¢+ ——— >+

|
+—f™(qo) q", (13)
n!
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where f™ (q,) is the n!* derivative evaluated at the bias point, q,.
Rearranging Equation (8),

Q.+ @) a-m
(Q. + Q) va-v

fla+q) =fQ) =V+V,=8,(1—y) (14)

Evaluating f (¢q,) from Equatior (14), and setting ¢, = % (Q,, — Q,),
the Taylor series expansion for the generalized nonlinearity becomes

V+Ve=—"8,+8¢+——— Sy +—— S, ¢* +
2(1“}‘1) (Qc+Qm) 6(Q0+Qr)l)2
2n—1 It
...... + S, qn, (15)
n! (T—n+1)1(Q.+Q,)"!
Y
where = ; (16)
1—vy
and Sp = f1)(gy) =—. ()
2I‘

The corresponding series for the elastance, S, is obtained by differen-
tiating Equation (15):

q q :
S=8y+2rSy————— 21 (r—1)8, <~ ) 3
(QC + Qﬂl) Q(' + an

2(n—1) ! q n—1
-3 ’: ]so < ) 3 (18)
(n—l)! (r—n+1)! Qc+Qm.

CURRENT-PUMPED,* TW0-FREQUENCY DIRECT
N-TIMES MULTIPLIER

Current pumping means that the diode elastance is made to vary
in time by controlling the current through and, hence, the charge on,
the junction. Current, or the integral of current, charge, then is the
independent variable, while the voltage produced across the diode
terminals by the current is the dependent variable.

In a current-pumped two-frequency direct N-times muitiplier, only

. "The current pumping method of operation was brought to our atten-
tion by M. E. Malchow of RCA.
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currents at the input frequency, o, and the output frequency, N, are
allowed to flow. Currents at all other frequencies are assumed to be
open circuited by filters. Therefore, the current flowing through the
diode is

1
i(t) =4, (b) + iy (t) =— [iy €t 4 i,* e—ot 4 4y eiNot
2

+ iy" e—iNet] =1, cos (ot + ) + Iycos (Not + ¢). (19)

For convenience we define

lig
My = L - , (N = any integer) (20)
No (Q(' + Qm)
My = myei®, (21)
My* = mye—io. (22)

In general, V, << V, and by including the effects of the spreading
resistance, R, the diode terminal voltage becomes, from Equation (15),

e+ Qm
Vp(t) = —————8o + Ri(t) + Sl fi(t)dt]
2(1+T)

i1y
+———So[ fi(¥)dt]* +
(Q. + Qm)
on—1 Fu
e Sol fi(t)dt]™  (23)
n! (r’_n+l)!(Qg+Ql)l)"—l

All equations derived up to this point are exact and general. In
order to make the mathematical development tenable, a specific example
will be given to illustrate the procedure for calculating the multiplier
efficiency.

CALCULATION OF N-TIMES MULTIPLIER EFFICIENCY
The general procedure is as follows:
(1) Substitute Equation (19) into Equation (23).

(2) Extract the coefficients of all terms involving the frequencies
o and No for the voltages across the varactor terminals at the respec-
tive frequencies.
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(3) Add the external circuit and derive the matrix equation that

describes the operation of the circuit.

(4) Derive the equation for efficiency as a function of the load

resistance and drive level.

(5) Optimize the efficiency as a function of load resistance and

drive level.

The above procedure will te demonstrated for an eight times mul-

tiplier. The current flowing through the diode is
1(t) =1, cos (ot + 6) + Igcos (8ut + ¢), (24)

and the charge is

I, Iq
g= 1(t)dt = —sin (ot + ) + ——sin (8vt + ¢). (25)

) 8w
Substituting Equations (24) and (25) into (23), and for convenience

letting U = I, sin (ot + 6) + (I3/8) sin (8wt + ¢)

4

Q,+ Qn Ig
Ve(t) =— Sy + R, | I, cos (ot + 8) +Tcos (8wt + ¢)

2(1+71)
Se T S, AT(T—1) 8,
I ; S PRI SRR ;. 3 Stk ;T TR
o ‘”(Q0+Qm) w 6[“’(Q0+Qm)]2 o
2n—1 P! So
L —Un. (26)

n! (I‘—‘n-f—l)![w(Qc-f-Qm)]"—l ©

To simplify the analysis further, assume y = 0.875. From Equation
(15), T =17. Note that by choosing y = 0.875 (I' =1T), Equation (26}
terminates at n = &, since for » =9 the coefficients become zero. Equa-

tion (26) becomes

Q0+Qm Is SO
Vp(t) =———+ R,[I; cos (ot +0) + — cos (Bot +¢)] +—U +
16 8 ®
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7 S 28 Se
TR, S .F | e PEER L
w(Qc+ Qm) w [w(Qc+Qm)]2 o
70 S, 112 S,
ERNP .. ;1 PPl SR,
[‘U(Q0+Qm)]3 ] [‘”(Qc+Qm)]4 o
112 S, 64 S,
f— P pe———
[“)(Qt: + in) ]” o [w(Qc + Qm) ]“ o
16 So

-+ VU5 (27)
I‘“’(Qc + Qm)]T w

Equation (27) is the relationship that specifies the terminal voltage
across the varactor when the current, i(t) =I;cos (ot + 8) -+ Igcos
(8wt + ¢), flows through it. Figure 4 shows the equivalent circuit
representation of the varactor.

imo |

Rg
Vy(t)

cv) _L

Fig. 4—Equivalent circuit of the varactor diode.

EXTERNAL CIRCUIT CONSTRAINTS

The terminal voltage as expressed by Equation (27) contains many
frequency components. However, when the external circuits are intro-
duced, the only voltage terms of importance in Equation (27) are at
d-c, , and 8. The external circuit must have the required filters to
present an open circuit to the undesired frequency components. Once
the external circuit constraints are satisfied, operation of the multiplier
is determined completely. The actual circuit that meets such require-
ments for an eight-times multiplier is shown in Figure 5.

Having specified the circuit, one can determine circuit performance
by first determining the varactor terminal voltages at the fundamental
frequency, o, and the eighth harmonic, 8. These voltages are deter-
mined by collecting the coefficients of each frequency from Equation
(27). Thus, for the fundamental frequency, o,

1
v, (£) = V; cos (ot + @) =— (v, + v ¥e—Iot)
2
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s
=R, cos (ot + 0) + —— I, sin (ut + )

3 3 18 2 28 SO
+ I, sin (mt+a)i[—112+_ _> ]______
(L 4 2 \ 8 [0(Q+ Q)12 o

5 15 Ig\2 15 [ Ig\* 112 8y
+ | —If+—I12 — ) +—( — —_—
8 4 8 8 8 [0(Q:+ Q)] o

35 105 Ig\? 315 Ig \4
2| e’ S I | ) =B e

64 16 8 32 8

35 ( I >6] 64 S }
gzl e M e -

16 \ 8 [0(Q:+ Q)]
I, 1,7 elTwt+70) _ g—j(Tut+10) 16 8,

4+ ——sin (8wt + ¢) l:——— : ] S
8 27 [‘”(Qc =t Qm) ]7 L)
(28)
Re

Fig. 5—Circuit configuration of an eight-times multiplier (F, and F. are
bandpass filters that are short circuits at © and at Se, respectively, and
that are open circuits at all other frequencies).

where vy = | v, | eie = V,eie, (29)

Similarly, the voltage for the eighth harmonic, 8, is

1
vs(t) = Vgcos (But + B) = —— (wgeiSwt 4 pg¥e—iswt)
2

So I
= Rgcos (8wt + ¢) + ————sin (8ut + ¢)
8

w

I 3 3 [ Ig\?2 28 S,
+ —sin (8vt + ¢){,:~—112 +— <~> _—J——“—— +
8 2 4 \ 8 [0(Q:+ Q]2 o
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I 5 [/ Ig\* 112 Sy
[ (Y () Tt
8 [w(Q;+ Q) 1\ o
35 315 I \*? 105 Ig\ ¢
ae| g 2 +——1( >
16 32 8 16 8
35 (Ig sjl 64 S,
s —) =
64 8 [0(Q, + Q) 1 ©

117 eiTwt — g—iTwt 16 S()
+1, 8in (ot +0) | — —————
64

2 [w(Qc+Qm)]7 o

(30)

where vg = |vg| B = Vgeib. (31)

For a resonance condition, operation of the multiplier is charac-
terized by the following matrix equation:

v, M,*7 Sn
R, + R, + R,
8

| "
A= R+Rp_+RLJL |
15wl

where Ry=R,+ R, +R, (33)
Ry =R+ R, + Ry, (34)

M,"" S,
B= —_— (35)

8 ®

M" S,

8 o

iy = || e = I e, (37)

ig = |ig| € = Ise”, (38)



FREQUENCY MULTIPLIERS

I
My=—— e,
0(Q. + Q)

1
Myt o g8
o(Q, + Q)

Solving the matrix equation for 7; and i,

Ry,
P s
RuR., + BC
C
iSZ’U

* RuRy+BC

411

(39)

(40)

(41)

(42)

Dividing Equation (42) by (41) gives the phase-angle relationship;

C
R

i8:i1

ml7ej75 SO

|is] e = |i,| e
o

Thus, ¢ = 86, and

m7 S,

lis|:|i1|
[0}

(43)

(44)

(45)

The equivalent circuit at the fundamental frequency is shown in

Figure 6. The input impedance is

v, BC
Zin:‘__Rg:Rtl"*' _Ry
51 Ry
=Ry +R0_'Rg:RO+Rcl + R,
:RO + Rl’

where

(46)

(47)
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and

Rl = Rcl + RJ. (48)
R, is the equivalent conversion resistance, since it is the resistance
reflected into the input loop by the load resistance.

EFFICIENCY RELATIONSHIP

The power delivered to the load is
L

Pr=a— (49)
2

The power available from the generator is

|12
AV = (50)
8R,
Equation (50) assumes an input matched condition, so that
R,=R, =R, +R,. (51)

The efficiency, 7, is defined as the ratio of the power in the load to
the available power from the generator;

Py, |ig]2
ni= = 4RyRL
P,y l"’ylz
4R,R, R,
"~ (Ry+Ry)? Ry
4R,R, R,
 (R,+R+Ry? Ry
4R,,(R1 + R,) R, R,

= : (52)
(R,+ R, +Ry)2 Ry+ R, Ry

For input matched condition,

R, Ry

"7_
Ro+R, R, +R,
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1 1
= ) (53)
1+— 14—
0 RL
where R, =R, + R,,. (54)

EFFICIENCY OPTIMIZATION

The condition for excitation may be determined by combining
Equations (7) and (9);

(Q + Q11—
Ve+V=(>1—y)8, ' (55)
(Qc+ Qm)’y/(l—"y)

When the varactor is fully pumped, S/S,, reaches a maximum value
of unity. Therefore, from Equation (2), with y = 0.875,

[ Q.+ Q ]7 Q.+ Q
— | =1, or —— =1, (56)
QI.' + Q”' Q" + Q”l

Since Q =g, + q, and q, = (Q,,—Q,) /2,

1
1=— +m, sin (ot + ) + mg sin (8t + ). (57)
2

The optimum value of R, is found by setting d»/dR, = 0; then

R,
R, = — (K + Rle), (58)
R,

myt [ S, \2
K = — . (59)
64 ®
Here, m; was considered to be independent of R,. While, strictly

speaking, this may not be true, it can be shown to be a very good
approximation for the idler-less, high-order multiplier.

where

AVERAGE FUNDAMENTAL INPUT POWER TO AN IDLER-LESS,
HIGH-ORDER FREQUENCY MULTIPLIER

Considering the equivalent circuit at the fundamental frequency,
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Figure 6, the generator voltage, v,(t), is related to the input current
by the expression

v,(t) =iy (t) [R, + Rey + By + Ryl (60)

For a matched condition,

v, (t) =2i;(t) [Ry + Rol. (61)
Rg Re|
g
Zin—> 3R

Fig. 6—Equivalent circuit at the fundamental frequency: Ro— equivalent
conversion resistance.

The instantaneous power input to the multiplier is given by

1
or
py(t) =1,2(t) [Ry + Rol. (63)
Since
i, (t) = I cos (ot +0), (64)

and using Equations (20) and (47), Equation (63) becomes

mllG (Qc + Qm) 2
pq (1) Z{ m 202 (Q, + Qn) 2Ry + S2 }coe’.2 (ot +8).
64 R, + Ry,

(65)
The average power is then

t=2m/w
w
<P>=— py (t)dt, (66)

27
tem=0
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or
27/w
my* My 100 (Q. + Q)
<P1> = { - w3(Qc + Qm)2 Rl + 502 } cos? (of + G)dt
2w 128= R, + R,
1 m116 (Qc T Qm) o
e { m12w2 (Qc + Qm) 2R1 + S02 } (67)
2 64 R.+R,

Using Equations (7), (16), (58), and (59)

1 (Vo + Vy)?
<P>=—m2?—— [T +1]2| R,

.+_.
2 sz Rg
|_ Ro+ A/ — (K + RyRy)
R,

“REGENERALIZATION” OF THE MULYIPLIER EQUATIONS

K

(68)

The effect of the nonlinearity coefficient, y, on the efficiency and
power-handling capability of the multiplier can be shown explicitly
by reintroducing y into the equations just derived. This will be done
empirically, and the results will apply only to the eight times, idler-less
multiplier using a varactor of arbitrary y.

The variable R, is a function of K (Equation (58)) and

K
Br=rm e, (69)
R, + Ry,

However, K as defined by Equation (59) is for v = 0.875. Considera-
tion of Equations (26), (27), (28), (30), and (32) reveals that the
factor 1/64 results from the ccefficient of the eighth-order term in
the general Taylor expansion, Equation (23). Hence,

5 [P(F—l)(F—z)"'(T—G) ]2 (So )2
K= myt| — |, (70)
8! ®

where the tilde denotes a “regeneralized” term.

It should be noted here that if ' > 7 (y > 0.875), the Taylor series
will not terminate in the eighth-order term, and there will be some
contributions to the eighth harmonic from the additional terms. If
these contributions should be too large to be neglected, then the equa-




416 RCA REVIEW September 1965

tions for efficiency and power must be derived by taking these terms
into account. However, for y close to 0.875, these contributions are
very small and, therefore, can be neglected.

Using the regeneralized K, one can rewrite the multiplier equations:

= K r(r—1)@—2)---(r—e) 72 Sy \2 1
R, = = my14 e
R, + Ry, o - R, + R,

(71)

and
. R,
R, = — (K + RB4R,) (72)
R,
or
_ K
Ry = (73)
R,
R, + —— (K + RyR,)
R,
The efficiency then becomes
1 1

R, R\
1+— | 1+—
R, R,
and the expression for the average fundamental input power becomes

= 1 (Vo+Vp)2 K
<P >=—mle——— [1‘+1]2{Rl + } (75)
2 m2 R2 o~
Rg + Tl (K + Rle)
R,
or
_ 1 (Ve+Vp)? _
<P1>:;ml'~'m——2— (T 4+ 1]2(R; + R,y). (76)

Since R, and R, are, in practice, on the order of several ohms, E; and
R, > 1, and R, and R, increase as K increases. Therefore, the efficiency,
7, and the maximum power input <f’1> increase as K increases. This,
in turn, means that these quantities increase as y increases toward
unity. K increases rapidly as y — 1; for example, I' = 49 and K =625
X 1019m,14(Sy/0) 2 when y = 0.98.
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SOME DESIGN CONSIDERATIONS

Practically speaking, in choosing a varactor for a given high-order
multiplier application, several of the varactor parameters will be deter-
mined by what is available from diode manufacturers. The predeter-
mined parameters, in general, will be:

(1) The nonlinearity coefficient, y. The foregoing analysis indi-
cates that the use of a varactor with y as close to unity as possible
gives maximum efficiency and maximum power-handling capability.

(2) The spreading resistance, R,. R, is determined by the mate-
rials used and the manufacturing process employed. One should choose
a varactor with the lowest R, for a given vy, since R, is responsible for
power loss. But, in general, a cheice here will probably not be available.

(3) The cutoff frequency at an arbitrary low reverse voltage,
—V, (generally —6 volts), f, (—V,). This quantity is related to E;
by the relationship

1

27R,C(—V,)

which indicates that f, should be chosen to be as large as is obtainable
for minimum R,.

(4) The contact potential, V,. This parameter is determined by
the materials used.

Once these parameters are known, the remaining two varactor
parameters, namely the junction capacitance and the breakdown volt-
age, can be calculated:

(1) The junction capacitance at an arbitrary low reverse voltage,
—V, (usually —6 volts), C(—V,). This parameter can be calculated
from Equation (77).

(2) The required breakdown voltage, V, is calculated from Equa-
tion (76). If the multiplier circuit losses are neglected, the first term
of Equation (76) represents the average power lost in the varactor
spreading resistance. This represents the power dissipated by the
varactor, and <P;> will be a maximum when the power lost in R,
equals the manufacturer’s rated maximum dissipation. Hence,

1 (Ve+Vp)2
<Pdiss> = _mlz‘” o A 8w [F ~+ 1]2Rs' (78)
2 sz

All the terms in Equation (78) are known except S,, and V;, which are
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related by Equation (1),

1 Vo + Vg \T+1/2
S, ( ) (79)

" OV \ Ve + Vg

Substituting into Equation (78), and rearranging terms,

2 <Pyes> (T+1)/2
V= — V., (80)
m20[C(—V,) 12(V, + V,)2/C+1) (D 4 1)2R,

where, with reference to Equation (57) for the fully pumped case,
my =1/2.

One additional parameter, a circuit parameter, remains to be found
—the optimum applied bias voltage. This is found by setting Q = Qo
= (Q,,—Q.) /2 in Equation (5)

Q+Qn (Vo +Vp)7

= (Ve+ Vo) i-, (81)
2 (I—Y)Sm
or
Q.+ Qm (I_Y)Sm b=y
VO = _Vc; (82)
2 <Vc + V”)'Y

where V, is the applied d-c bias voltage.

NUMERICAL AND EXPERIMENTAL RESULTS

Figures 7 and 8 show the calculated efficiency of an eight-times
multiplier as a function of y for various values of the circuit param-
eters. The calculations were based on the following values:

1
S S f =1
1.0 X 10—12
f.(—6 volts) = 100 gigacycles
10
R,=——=1.59 ohms
27
i |
my =—
2
Rl = R‘)

Input frequency = 500 megacycles.
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An experimental eight-times idler-less multiplier employing a hyper-
abrupt varactor, having an input frequency of 500 megacycles, was
constructed and tested. The hyperabrupt varactor used has the char-
acteristics shown in Figure 9. An efficiency of 259% was obtained at
an input power level of 250 milliwatts. Power output at 4 gigacycles
was 62 milliwatts. It can be seen from Figures 7 and 8 that with the

90
|~
80 /
/ m) =0.5
70 //
60
25 /50 /
S L
i 4
(S)
o
i 40
» / m=0.4
20 /
//
10 -~
o1
| __— m;=0.33
0 T | l
085 086 0.87 088 089 090 039l 092 093

Y

Fig. 7—Efficiency as a function of ¥(R.= R.—=>5 ohms).

proper nonlinearity coefficient and drive level, an efficiency of 55% is
possible for an eight-times multiplier without idlers.

Power tests as well as efficiency tests have been performed on the
hyperabrupt octupler. The power test was to determine the input power
level at which diode burnout occurs. A relatively poor quality diode
was chosen for this purpose. Hence, the efficiency obtainable was less
than that for the better quality diodes.

For the efficiency test, the relatively good diode used has the follow-
ing specifications: L)
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V, =25 volts
f.(—6 volts) =105 gigacycles
C;(—6 volts) =0.48 pf.

For the power test, the above varactor was replaced by one having

90
80 /f
70 /
/40.5
60} 5
5 %0 /’/
&=
w
5]
© /
i 40 v
. 30 7/ /
20 v
/ m=04
10 o2}
//
/
0_,./
0085 o086 087 088 089 090 09l 092 093

Y

Fig. 8—Efficiency as a function of ¥(R:=R.=38 ohms).

the following

specifications:
V=52 volts
f.(—6 volts) = 27 gigacycles
C;(—6 volts) = 1.3 pf.

It was found that after replacing diodes, the multiplier efficiency

was maximize
change in d-c

d without any retuning of the circuit other than a slight
bias, V,. As the input power was increased from 250
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Yy =0.875

=3

Cr=Cj +Ccasg (pf)

Vg =25V

Ve =055V

fec (-6V) =105GC
Ccasg =0.4pf

VEVIHVe

Fig. 9—Characteristics of hyperabrupt varactor used in experimental
eight-times idler-less multiplier.

250 l
»
200 l ] J
Pz % DIODE BURNED OUT
3 yd
=
o 150
< /
@
=
3
& 100
z
o
o
50 7

02 04 06 08 | 12 (4 16 18 2 22 24 26 28 3
P (@500 MC (WATTS)

Fig. 10—Output power versus input power curve for experimental
eight-times multiplier.
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milliwatts, it was also found that to obtain maximum power output at
each input power level, only the d-¢ bias had to be changed. The out-
put power as a function of input power is plotted in Figure 10.

CONCLUSIONS

The generation of broadband or tunable microwave power can be
achieved by high-order frequency multipliers with hyperabrupt varac-
tors. High efficiency can be obtained without the use of idler circuits,
thus simplifying the circuits considerably. Efficiencies as high as 55%
can be achieved for a times-eight multiplier with an input frequency
of 500 megacycles and an output frequency of 4 gigacycles if the diode
nonlinearity, y, is 0.875 over the entire range of operation and the
diode is fully pumped. Experimental results have yielded a 25% effi-
ciency with the diode nonlinearity, y, of 0.875 over portions of the
operating range. The input power-handling capability is in excess of
2.5 watts and the efficiency remains essentially constant over the range
of input power of 0.2 to 1.0 watt. The tuning of the device is extremely
simple since only the input circuit and the output circuit need be ad-
justed. Furthermore, the multiplier can be made broadband since there
are no idlers to degrade its bandwidth.

The experimental results described in this paper were obtained
using reasonably high-Q varactors. One of these units has a cutoff
frequency of 105 gigacycles at —6 volts. While this value is below
that of commonly available conventional varactors, it does not pose
a serious limitation until the output frequency of the hyperabrupt
multiplier is extended well into X-band. It is also not unlikely that
further advances in hyperabrupt junction fabrication will yield still
higher cutoff frequencies (or Q’s).

To summarize, the use of a hyperabrupt varactor in frequency
multipliers yields the following advantages:

(1) high efficiency for high order multiplication without the use
of idlers,

(2) ease of tuning due to the simplicity of the circuit (only an
input frequency loop and an output frequency loop are re-
quired),

(3) circuit simplicity makes broadbanding easier to achieve,

(4) higher power handling capability as compared to abrupt var-
actors with the same breakdown voltages,

(5) greater capability for handling wide variations in input power
without requiring retuning.
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PROJECT RANGER* TELEVISION SYSTEM
By

B. P. MILLER

RCA Astro-Electronics Division
Princeton, N. J.

Summary—The function of the ranger television system was to trans-
mit close-up pictures of the lunar surface to earth. The philosophy, design,
and performance of the television system are described. The television
system consisted basically of sixz slow-scan vidicon cameras whose outputs
were used to frequency-modulate two sixty-watt transmitters. The two
signals, approximately one megacycle apart, were radiated by a high-gain
parabolic antenna. The ground receiving station, located at Goldstone,
California, used an 85-foot parabolic antenna. Several high-definition
photographs of the lunar surface are included to provide a complete de-
seription of the performance of the system.

INTRODUCTION

HE Ranger program, which was sponsored by the National
‘l Aeronautics and Space Administration (NASA), was the first
of a series of projects, the eventual goal of which is to land
a man on the moon. The specific purpose of Ranger was to obtain
close-up pictures of the lunar surface in order to gain information
regarding the surface conditions on the moon. The pictures obtained
were to be at least an order of magnitude better in resolution than
the best available by earth-based photography. Such information is
an essential prerequisite for future projects involving “soft” landings.
The Ranger vehicles were designed to transmit television pictures
of the lunar surface in the final few minutes before crashing into the
moon. Three such vehicles were successfully flown; they were desig-
nated Ranger VII, VIII, and IX. More than 17,000 high-quality photo-
graphs of the lunar surface have been obtained from the three vehicles.
The picture-taking phase of Ranger has now been completed; process-
ing and interpretation of the information received will continue for
some time.

THE SPACECRAFT

The Ranger spacecraft, shown in Figure 2, consists of two major
subassemblies—the television system and the spacecraft bus. The bus
provides a space-stabilized vehicle for the television system. The total

* The Ranger Program was conducted for the National Aeronautics
and Space Administration (NASA) by the Jet Propulsion Laboratory
(JPL), California Institute of Technology. The Astro-Electronics Division
of RCA was a major subcontractor to JPL, responsible for the design,
fabrication and test of the TV System.

424
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Fig. 1—Telescopic photograph of the moon taken from earth showing the
impact points of Rangers VII, VIII, and IX.
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spacecraft (bus and television system) weighs about 810 lb.; the
weight of the television system is about 380 lb. The bus consists of
several systems; these include the radio, data encoder, and command
systems; the central computer and sequencer (CC&S) system; the
attitude-control system; the power system; and the midcourse propul-

TV SYSTEM
AND SHROUD

CAMERA
APERTURE

HIGH-GAIN
ANTENNA

SPACECRAFT
BUS

Fig. 2—Ranger spacecraft.

sion system. The power system, which derives its power from two
solar panels when the spacecraft is oriented toward the sun and from
batteries during other periods, supplies all the power required by the
bus portion of the spacecraft. The attitude-control system provides
for attitude stabilization during the major portion of the flight, so that
the solar panels will be oriented toward the sun at the same time that
the high-gain antenna of the radio system is pointed toward the earth.
It also provides the capability for maneuvers to initially acquire the
sun and the earth, to correct any trajectory errors during flight in
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conjunction with the midcourse propulsion system, and to align the
cameras of the television system in relation to the lunar surface prior
to impacting the moon. The radio system is part of a two-way link
between the earth and the spacecraft for transmission of telemetry
from the data encoder system to earth, and to receive command infor-
mation from earth to the spacecraft system. The high-gain antenna
of the radio system is also used to transmit the processed signal out-
puts of the television system transmitters. The CC&S provides all of
the on-board timing for the various spacecraft functions.

THE TELEVISION SYSTEM

The television system is the means by which the primary data-
gathering function of the Ranger mission is performed. This self-
contained unit provides the power, control, and communications equip-
ment for collecting, processing, and transmitting the photographic
information of the lunar surface. In a nermal mission, the picture-
taking sequence is initiated by an earth-generated command, with the
first picture taken at an altitude of approximately 2000 kilometers from
the lunar surface, and continues uninterrupted until lunar impact.
The initial pictures cover a wide area of the moon at resolutions com-
parable to that obtained by earth-based telescopes. Area coverage is
exchanged for increasing resolution as the spacecraft approaches
impact at a terminal velocity of 2700 meters per second; resolutions
of 0.5 meter, or better, are achieved in the final picture sequence.

The television system is separated into two essentially independent
channels of operation to ensure a maximum probability of mission
success. The channel arrangement is illustrated in Figure 3. Each
channel has all of the components required to collect and process the
video information and to supply a 60-watt frequency-modulated signal
to the common high-gain antenna for transmission back to earth. Chan-
nel separation is on the basis of the two modes of camera operation
employed—full scan and partial scan. There are two full-scan and four
partial-scan cameras. Both types employ ruggedized vidicon pickup
tubes with a highly sensitive photoconductive target. The basic differ-
ence between the two modes of camera operation is in the size of the
area scanned on the vidicon target, and thus the time required to read
out the stored image. Because of the high sensitivity of these vidicons
and the image retention characteristic needed for slow-scan readout,
special provision is made to erase the residual picture after frame
readout and prior to a subsequent exposure so as to prevent a double
image. To provide for maximum utilization of the communications
equipment, multiple cameras, operating during each other’s erase
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cycles, are used to fill out what would ctherwise be nonproductive
portions of the available transmission time.

In order to satisfy the requirements of high resolution, it was
desirable that the final sequence of pictures be taken from a minimum
altitude above the lunar surface. The minimum altitude for the final
pictures is determined by the time required to read out the video data
from the camera and by the spacecraft terminal velocity. Minimum
altitude, and thus highest resolution with a given optical system and
camera design, is therefore obtained by minimizing the camera read-
out time. However, the minimum readout time is also constrained by
the number of scanning lines (or line density) required to provide the
desired picture resolution, and the permissible system video bandwidth,
which in this case was fixed at a maximum of 200 ke for each channel.
In the Ranger television system, high line density and minimum read-
out time were achieved by the use of a special method of raster forma-
tion with a high-resolution, slow-scan vidicon camera tube. Minimum
readout time is achieved in the four partial-scan cameras by scanning
only the central 282 lines of a nominal 1125 line raster, enabling a
0.2-second frame time with a corresponding altitude of less than 600
meters for the exposure and transmission of the last complete frame.
A set of four partial-scan cameras (designated P1, P2, P3, and P4)
are exposed and read out sequentially at 0.2-second intervals to ensure
continuous coverage until impact with the partial-scan channel, based
on a complete picture cycle time (exposure, read, erase, and prepare)
of 0.8 second for one camera.

The area of the vidicon target scanned in the partial-scan cameras
measures 0.11 by 0.11 inch. The P1 and P2 cameras are equipped
with 76-mm f/2.0, narrow-angle lenses to provide fields of view of 2.1
degrees, and the P3 and P4 cameras with 25 mm £/0.95, wide-angle
lenses to provide fields of view of 6.3 degrees. The sequence of opera-
tion is P1, P3, P2, and P4, so that photographs are alternately taken
by a narrow-angle lens and wide-angle lens. The combination of the
optics, reduced scan area, and minimum readout time provides the
capability to achieve a resolution of 0.5 meter per optical line pair in
the final sequence of pictures.

The television system also contains twe cameras that utilize the
full 1125 line raster with a correspondingly longer readout time to
provide coverage of wider areas of the lunar surface at a level of
resolution that is sufficient to locate the data observed in the final high-
resolution pictures. These cameras, designated F, and F,, are exposed
and read out sequentially at 2.5-second intervals, and scan a 0.44-inch-
square area. The F,-camera is equipped with a 25-mm £/0.95, wide-
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angle lens to provide a 25-degree field of view, while the F,-camera
has a T6-mm f/2.0, narrow-angle lens to provide an 8.4-degree field.
One reason for having several cameras with different lens apertures
is that prior to the flight of Ranger the lighting conditions on the
moon could not be precisely determined from earth. The different
lenses employed provide greater exposure latitude, allowing picture
taking over a wide range of lighting conditions. The range of lunar
lighting conditions covered by the lenses and the dynamic range of
the vidicons was set for 30 to 2600 foot-lamberts during the flight of
Ranger VII, which roughly corresponds to lighting conditions on earth
(on an average day) from noon to dusk. On the basis of the Ranger
VII flight data, the upper limit of the camera dynamic range corre-
sponding to the peak video signal was reduced to 1600 foot-lamberts
for Rangers VIII and IX. The full-scan cameras provide pictures with
slightly different pointing vectors to achieve a partially overlapping
pattern. The four partial-scan cameras are arranged with slightly
divergent pointing angles to provide a series of photographs whose
coverage will result in a nesting pattern around a common optical axis
as shown in Figure 4. This figure shows the theoretical pointing angles
and coverage for each of the six cameras. Prior to the launch, an
accurate determination is made of the actual pointing angles and
camera overlap so that the relation of each picture received from the
spacecraft during the actual mission will be known. A special camera
array alignment procedure was used for this purpose. The television
system, with the cameras in flight configuration, was positioned with
respect to a stationary target to within 1 minute of arc using an auto-
collimating theodolite. Pictures were taken of the target with each
of the cameras, and the video signal was processed and displayed on
a kinescope. The resultant image was then photographed with a 35-mm
film camera and the film developed for viewing and analysis. The actual
pointing angle for each camera was then obtained by measuring the
reticle position and picture edge on the developed film with respect to
markings on the target.

Each television camera employs a magnetically focused and de-
flected vidicon tube having a special photoconductive surface with
excellent sensitivity, high retentivity, and good erasure characteristics.
The sensitivity of the vidicon used in the Ranger cameras is similar
to photographic film with an ASA rating of 5 to 20 (DIN of 8 to 14).
Each vidicon is capable of supplying a signal current greater than
10 nanoamperes at an exposure of 0.3 foot-candle second. The peak-
to-peak residual signal after erasure is less than 5 percent of the
peak-to-peak signal before erasure. The light transfer characteristic
(gamma) is shown in Figure 5 for typical Ranger cameras. A sample
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Fig. 4—Picture nesting pattern provided by the Ranger television cameras.

of the horizontal square-wave response curve for both a full-scan and
a partial-scan camera is shown in Figure 6. The spectral response of
the tube compared to the human eye is shown in Figure 7. In operation,
the photoconductive surface is prepared for exposure by uniformly
charging the surface with the electron scanning beam. Optical ex-
posure modifies the stored charge in accordance with the prhotoconduc-
tive resistance changes induced by the image. The electron beam then
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scans the surface. The video signal is dependent upon the discharge
that occurs during exposure. After the picture has been read out, the
target surface is erased to eliminate the residual image.

Each camera is provided with a metal focal-plane shutter. This
shutter is a solenoid-operated, sliding-aperture type that moves from
one side of the lens to the other each time a picture is taken. The
moving blade is located as close to the focal plane as possible. The
shutter is designed to provide the full-scan cameras with a 4-milli-

TRANSMISSION (PERCENT)

200 300 400 500 600 700 800 900 1000
WAVELENGTH (mu)

Fig. T—Spectral response of Ranger vidicon compared to human eye.

second exposure and the P-cameras with an exposure of 2 milliseconds
to minimize image motion. The faster sequencing of the P-cameras
enables photographs from a much lower altitude than is possible with
the F-cameras, so that image motion becomes a critical factor in
terminal resolution. The shutter is a unique high-reliability design
with a demonstrated capability of 1 million operations—many more
than could possibly occur during the testing and flight of a Ranger
spacecraft.

The F, and F, cameras along with their associated electronic
circuits, sequencing circuits, video combiner, a control circuit, a power-
distribution circuit and transmitter comprise the F-channel of the
Ranger television system. The P-channel contains independent cir-
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cuits, identical to the F-channel, to control, process, and transmit the
video information obtained by the four partial-scan television cameras.
In addition, the P-channel contains the secondary synchronizing and
electronic circuits necessary to provide the P1 camera with the capa-
bility of a “free-running” mode of operation. This capability would
permit the P1 camera to operate in the event of a failure of the
P-channel sequencer and thus ensure that the high-resolution pictures
would be obtained.

Each camera of the television system has an associated unit that
amplifies the video signal from the vidicon and then feeds the signal
to a video combiner for processing. The operating voltages, sweep
signals, and focus signals for the vidicon and yoke assembly of the
associated camera are all generated in this unit. A camera sequencer

TV SYSTEM TV SYSTEM
TRANSMITTING SPACECRAFT TRANSMITTING
CHANNEL F TRANSMITTER CHANNEL P
l ! l
959.05 MC 959.52 MC 960.05 MC 960.58 MC 961.05 MC

-—-I 'o— 160 KC

Fig. 8—Ranger spacecraft frequency allocations.

circuit in each channel provides the synchronizing and sequencing
signals to the cameras, and also provides gating signals to the video
combiner circuit. In the video combiner the video signals from each
camera are amplified, processed, and applied as a composite video
signal to the transmitter.

The two transmitters employed were designed to operate in the
frequency band 960.05 = 1 megacycle. The nominal center frequency
of the F-channel transmitter is 959.52 me, and that of the P-channel
transmitter is 960.58 mc. The transmission spectrum is shown in
Figure 8. The two transmitters are identical except for center fre-
quency. The composite video signal that is applied to the transmitter
has a 187-kc¢ baseband. The output of the transmitter is a 60-watt
frequency-modulated signal. The two 60-watt power amplifier outputs
are combined in a four-port hybrid ring to provide two outputs with
30 decibels of isolation. One output is dissipated in a dummy load;
the other signal is applied to the 4-foot-diameter high-gain antenna
and transmitted to earth.
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GROUND EQUIPMENT

The spacecraft-transmitted r-f signal is received by the 85-foot
parabolic antenna at the Ranger ground station located at the Deep
Space Instrumentation Facility (DSIF), at Goldstone, California. The
antenna receiver system, using a maser pre-amplifier, converts the
960.05 mc f-m signal to a 30-me, dual-channel signal and feeds it to
the operational support equipment (OSE) through a 30-mc preampli-
fier for processing, recording, and display. A picture of the OSE is

Fig. 9—Operational support equipment at the ground station
in Goldstone, California.

shown in Figure 9. A simplified block diagram of the OSE is shown
in Figure 10. The signal is again frequency-converted to the 5-mc
region in the dual-channel limiter amplifier of the OSE receiver, and
separated into two individual video channels for further processing.
The channel containing the full-scan video signal is centered at 4.47
me, and the channel containing the partial-scan video signal at 5.53
me. These 4.47- and 5.53-mc signals are then applied to detector
amplifiers, and “record i-f” amplifiers.

In the detector amplifiers, the signals are amplified, limited, de-
tected, and de-emphasized, and then applied through a low-pass filter
to the television recording and display equipment for on-line, or real-
time, display and 35-mm film recording of the video. The outputs of
the detector amplifiers are also applied to a 225-ke discriminator that
rejects all video information from the signal and allows real-time
display of the television-system telemetry data through a d-c coupled
amplifier, on a strip-chart recorder.

The signals applied to each record i-f amplifier from the limiter
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amplifiers are frequency converted to the 0.5-mc region and made
available to the television recording and display equipment for the
predetection tape recording of the composite video and 225-ke telemetry
data.

Television recording and display equipment provides interim stor-
age of predetected i-f data, and reduction, display, and archival storage
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Fig. 10—Goldstone ground receiving equipment (simplified).

of the transmitted video information. Archival storage of the video
data is performed automatically by 35-mm film recorders that provide
photographic records of the kinescope displays of the F- and P-channel
video. In addition, photographs of selected video displays are taken
semi-automatically.

In the film-recorder equipment, kinescopes that utilize 5-inch cathode
ray tubes (CRT) display a full frame of F, or F, video (Channel F),
or four frames of camera P1, P2, P3, P4 video (Channel P). The
kinescope for P-channel presentation displays the video frames of
channel P in sequence and divided equally in area and aspect ratio in
the four quadrants of the tube. A 35-mm camera then photographs
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Fig. 11—Film recording format.
the tube face and a data board, which identifies the video display
through use of a real-time clock, an indicator light to identify a F,-
camera display, a frame counter, and a slate board for handwritten
information. Additionally, a Polaroid camera is used for single-frame,
sampling photographs. The film-recording formats are illustrated in
Figure 11.
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The tape recording-equipment employed for predetection recording
of the composite video and 225-ke telemetry signals are seven-channel,
wide-band, magnetic-tape devices. The recorders operate at a tape
speed of 120 inches per second, and an interconnection technique is
used whereby each recorder records both full- and partial-scan video.

Additional redundancy is provided through the use of two com-
pletely separate ground stations including antennas, receiving, proc-
essing, and display equipment at the JPL Goldstone, California Deep
Space Instrumentation Facility. These operational-support chains
operate simultaneously during the terminal mode of the mission.

Extensive tests and calibrations of the television recording and
display equipment are performed using electrically generated test
standards to assure that picture detail and photometric characteristics
are faithfully reproduced. Magnetic tape recordings of actual video
data from various spacecraft tests are used to confirm the operating
parameters of the video display equipment and the film recorders.
Resolution capabilities, linearity, cathode-ray-tube display characteris-
tics (optical distortion, sizing, etc.), and the integrity of the display
are checked. Further test and calibration of the entire operational
support equipment are carried out up to the time of the terminal-mode
operation of the spacecraft when the video signals from the spacecraft
are transmitted. Additionally, post-flight calibration and check are
performed so that proper evaluation of the received data can be made,
based on the actual performance of the operational support equipment
during the mission.

PERFORMANCE OF THE RANGER TELEVISION SYSTEM
Ranger VII

Ranger VII was launched from Cape Kennedy, Florida at 16.50
GMT on July 28, 1964. At approximately 13.06 on July 31, the F
channel was placed in warmup by a command from the television
system clock. The F channel went into full power operation 80 seconds
later and began taking pictures. The P channel was placed in warmup
at approximately 13.09 and was placed in full-power operation 80
seconds later by a command stored in the spacecraft. Picture-taking
continued for approximately 17 minutes until impact in the Mare
Nubium just south-west of the crater Guericke at 13.25.50 GMT. The
target area, a lunar maria, appeared from earth to represent an area
typical of the smoothest parts of the lunar surface. The topological
features of the lunar maria as viewed from earth presented the type
of surface considered to be desirable for the “soft” landing of manned
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spacecraft. The actual impact area at 10.6° South and 20.6° West was
outside of the zone of preferred manned landing areas of plus or minus
5 degrees of the lunar equator, but was in an area that was considered
to be representative of the large, relatively smooth mare to be explored.
Because the lighting conditions of the moon could not be precisely
determined from earth, the gains of the F,, P1 and P2 cameras were
adjusted for a peak scene luminance of 2700 foot Lamberts and the
gains of the F,, P3 and P4 cameras were adjusted for a peak scene
luminance of 650 foot Lamberts. Analysis of the video data obtained
indicated that the choice of impact area for the Ranger VII spacecraft
resulted in maximum use of the optical-to-video conversion capabilities
of all six cameras. A total of 4308 pictures of the lunar surface were
taken, transmitted, and successfully recovered on earth. The pictures
have been published in atlas form,” and distributed on a world-wide
basis.

The Ranger VII spacecraft and television system met or surpassed
all mission goals and objectives. The level of performance of some
portions of the system can be evaluated on the basis of specific infor-
mation received during the mission. This is particularly true in regard
to the cameras and their associated electronic equipment, since the
pictures themselves are evidence of the performance of this equipment.
It is also true, although to a lesser degree, of the telecommunications
and OSE equipment. The performance of the command and control
circuitry, however, can only be evaluated in absolute terms; that is,
all commands were processed and executed on-time and in good order.

The last partial-scan picture, shown in Figure 16, was a fragment
from the P3 camera, which was equipped with a 25-mm, £/0,95 lens.
A simple geometrical relationship for the 25-mm optical system and
for a spacecraft traveling at 2.64 km/sec shows that the final picture
was taken at an altitude of 530 meters above the point of impact on
the lunar surface and covered an area of about 42 meters by 28 meters.
Craters can be recognized that occupy 1/50 of picture height, a diam-
eter of 0.8 meter. The bright rim and shadowed rim constitute image
elements of 0.4 meter; hence, the high-resolution goal was attained.

The requirements of wide-angle coverage and picture nesting were
imposed as a basis for correlation of the expected data output from
the Ranger camera with the well-defined telescopic photographs pres-
ently available. The success with which Ranger VII met these objectives
is illustrated by Figure 12. This image was produced by the F,-Camera,

* Ranger VII Photographs of the Moon: Part 1, Camera A Series,
NASA SP-61 (Sept. 1964); Part 2, Camera B series, NASA SP-62 (Feb.
1965) ; and Part 3, Camera P Series (to be released).
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which has a 25-degree field of view, and was taken 480 miles before
impact. It covers a wide area where several well known features, such
as the crater Lubiniezky and the Riphaeus mountains, can be distin-
guished by their characteristic images and their geographical rela-
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Fig. 12—Picture taken by Ranger VII F. camera of northwest Mare
Nubium showing picture nesting (taken at an altitude of 480 miles).

tionships. Also indicated on this figure are the areas covered by
pictures taken later in the picture-taking sequence at a higher level
of resolution, including the point of impact as shown in Figures 13,
14 and 15. The realization of the design to satisfy picture nesting is
contained in the interplay of camera fields of view, the camera mount-
ing bracket that physically ties the six-camera array into appropriate
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overlapping fields of view, the camera exposure sequence, and the
design of the impacting trajectory.

Review of the received video data indicated that the choice of lunar
impact area resuited in maximum use of the optical-to-video conversion
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Fig. 13—F. camera picture taken at 235 miles altitude, 2 minutes
40 seconds before impact.

capabilities of all six cameras. The video data indicated that on the
three 25-mm, f/0.95 cameras the peak illuminations were occasionally
near the saturation level of the cameras, but the cameras did not actu-
ally saturate nor was the signal clipped. Maximum exposure without
saturation was then achieved on the F,, P3, and P4 cameras. The F,,
P1, and P2 cameras had average exposures with signal-to-noise ratios
that were 3 to 4 decibels lower than for the F,, P3, and P4 cameras.

Video-line selections from the final F, and P3 camera frames show
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that the requirement of high signal-to-noise ratio was also satisfied.
A received video signal with a signal-to-noise ratio in excess of 30 db
(peak-to-peak signal to r-m-s noise) will produce a picture acceptable
as having high quality. The average signal-to-noise ratio was 35
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Fig. 14—F, camera picture taken at 85 miles altitude, last of previously
known craters.

decibels for the F,, P3, and P4 cameras, and 31 decibels for the F,,
P1, and P2 cameras. Each of the six cameras, then, provided a video
signal with more-than-adequate signal-to-noise ratios to satisfy that
specification and the video criterion for high-quality images.

Ranger VII

The selected Ranger VII impact area, a region of lunar maria
located between Oceanus Procellarum and Mare Nubium was classified
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by astronomers as a “red” mare. The success of Ranger VII in clas-
sifying the small-scale topography of this typical “red” mare raised
questions with respect to its similarity with other maria. The Feb-
ruary launch period chosen for Ranger VIII permitted the selection

Fig. 15—F, camera picture taken at an altitude of 34 miles showing
“rays” of crater Copernicus.

of a “blue” mare, Mare Tranquillitatis, as the target impact area.
In addition, this launch period permitted the selection of a target area
within the Apollo landing zone, thus providing photographs of a
potential landing site.

The Ranger VIII spacecraft impacted on the lunar surface at
09.57.36 GMT on February 20, 1965. The spacecraft obtained 7140
pictures of the moon that eovered an area extending from Mare
Nubium, across the lunar highlands, to Mare Tranquillitatis. The final
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pictures were taken in Mare Tranquillitatis before Ranger VIII im-
pacted at lunar co-ordinates 2.6° North and 24.8° East.

Based on an increased ability to define the anticipated levels of
lunar luminance as a result of information gained from camera per-
formance of the Ranger VII mission, the gains of the P1, P2 and F,

Fig. 16—Final P1 and P3 camera frames taken by Ranger VII.

cameras on Ranger VIII were adjusted for a peak scene luminance
of 1600 foot lamberts; the P3, P4 and F, cameras remained at a satu-
ration level of 650 foot lamberts.

The picture-taking sequence was initiated when the spacecraft
was still 1550 miles from the surface of the moon, and all six television
cameras continued to transmit pictures for 23 minutes until the space-
craft impacted at almost 6000 miles per hour. The initial pictures
transmitted covered an area about 400 miles long and 200 miles wide.

The Ranger spacecraft was designed to provide attitude orientation
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through a terminal maneuver to minimize the effects of uncompensated
image motion in the final pictures. The close alignment of the camera
axis and velocity vector in the Ranger VII flight did not require the
performance of a terminal maneuver; however, the Ranger VIII tra-
jectory required a terminal maneuver if the maximum resolution
capability of the system was to be realized. Analysis of the flight path
of the Ranger VIII spacecraft indicated, however, that without a
terminal maneuver, a wide swath of overlapping coverage of the lunar
highlands and maria would be obtained, providing stereo coverage of
the areas photographed. The stereo photographs were deemed to be
of more interest than the final high resolution pictures and a terminal
maneuver was not performed.

The pictures provided by Ranger VIII showed a great degree of
similarity in topography between the “red” mare photographed by
Ranger VII and the “blue” Mare Tranquillitatis. The stereo photo-
graphs obtained permit a far more accurate height determination for
the areas photographed than was previously possible.

Ranger IX

The success of Rangers VII and VIII in photographing the lunar
maria and the similarity of the data obtained in these two missions,
enabled the use of Ranger IX to photograph a lunar crater region.
The crater Alphonsus was selected as the primary target for this
launch because of the numerous dark haloed craters and elaborate
system of rills on the floor of Alphonsus. The specific selection of a
target on the floor of Alphonsus represented a compromise between
the central peak where the Russian astronomer Kosyrev obtained a
spectrogram of an apparent gaseous discharge and the rills and dark
haloed craters along the eastern wall of Alphonsus.

Ranger IX impacted on the moon at 14.08.20 GMT on March 24,
1965. The impact occurred at lunar coordinates 12.9° south and 2.4°
west, near the eastern wall of Alphonsus. Ranger IX returned 5814
pictures with excellent contrast and high shadowing. The spacecraft
terminal maneuver discussed in connection with Ranger VIII was
performed by Ranger IX and the resolutions obtained in these pictures
were the best of the three successful Ranger missions. Figure 17 is
a picture transmitted 19 minutes before impact at an altitude of 1485
miles. Figures 18 through 21 correspond approximately to the suc-
cessively smaller areas outlined in black in Figure 17. Figure 22
shows the last three frames transmitted by the P1 camera. The small-
est crater visible is 214 feet across and features as small as 12 inches
across are visible.
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During the 18-minute picture-taking period before impact, the
two full-scan and four partial-scan cameras of the Ranger IX television
system continuously obtained pictures of the lunar surface. The first

/ TIMES SHOWN ARE TO IMPACT

Fig. 17—Photograph taken by Ranger IX F, camera 19 minutes prior to
impact at an altitude of 1485 miles. Nesting pattern corresponds to Figures
18 through 21.

full-scan picture was taken at an altitude of 1500 miles and the last
partial-scan picture was transmitted between 0.2 and 0.05 second
before impact. The flight of Ranger 1X was a “textbook” mission, in
which all systems performed normally and from which sharp-detailed
video data of the area about and within the 75 mile-diameter crater
Alphonsus were obtained.
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Fig. 18—Photograph taken by Ranger IX F, camera 15 minutes
before impaet (altitude 1208 miles).

Fig. 19—Photograph taken by Ranger IX F, camera 8 minutes
before impact (altitude 683 miles).
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Fig. 20—Photograph taken by Ranger IX F, camera 4 minutes
before impact (altitude 2349 miles).

Fig. 21—Photograph taken by Ranger IX F, camera 1.4 minutes
before impact (altitude 130 miles).
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CONCLUSIONS

The Ranger program fulfilled its mission objectives of obtaining
both wide area coverage and high resolution photographs of the lunar
surface. The television system met or surpassed all design objectives
in the flight of Rangers VII, VIII, and IX. More than 17,000 high

Fig. 22—Last three camera frames from Ranger IX P1 camera. The lower
photograph (3) is the last in the sequence. Ranger IX impacted in the cir-
cled area near upper margin. The smallest visible crater is 2% feet across.

quality photographs of three widely separated regions of the lunar
surface were obtained. Although the photographs cannot provide
direct information on the surface hardness, they do indicate that the
detailed topological features do not preclude a “soft” landing by a
manned spacecraft. The photographs indicate that craters are domi-
nant features of the lunar topology down to the limit of the resolution
achieved, and it may reasonably be extrapolated that even smaller
craters exist down to a size where the grain size of the lunar surface
material equals the crater size.
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