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A RADIATION HARDENED L-BAND TELEMETRY TRANSMITTER

DAN M. BUTLER
LTV Vought Aeronautics Division

Ling-Temco-Vought, Inc.
Dallas, Texas

Summary    The advent of requirements for nuclear radiation hardened telemetering
components is accompanied by numerous technological problems. Future vehicles may
impose severe environmental problems on a telemetering transmitter, as well as the need
for relatively high r. f. power output. This paper describes the development of a nuclear
radiation hardened telemetry transmitter, designed for operation in the 1435-1535 MC/S
band at a nominal 100 W average R.F. power. The development phases covered in the
paper consist of (1) design and radiation test of three low power transmitter exciters, (2)
design and test of three transmitters, including the 100 W power amplifier and circuit
modifications as dictated by radiation test, and (3) change in selection of the final R. F.
tube. The paper includes a description of the resultant developmental transmitter, some
comments on the major radiation effects problems, and some of the considerations in the
radiation test of the transmitter. The author concludes with current status remarks.

Introduction    The advent of requirements for nuclear radiation hardened telemetering
components is accompanied by numerous technological problems. To meet this
challenge Ling-Temco-Vought, Inc., under the sponsorship of the Aeronautical Systems
Division (ASD), Air Force Systems Command, United States Air Force, undertook early
in 1963 to initiate development of certain critical nuclear hardened equipments,
including a telemetry transmitter for operation in the 1435-1535 MC/S UHF telemetry
band. The initial development consideration was the tailoring of a basic transmitter
exciter design to meet severe radiation environmental problems. Development
consideration was subsequently given to the need for relatively high r.f. power output.

The transmitter configuration chosen was based on an existing hybrid design which
employed a combination of vacuum tubes and solid state devices. The problem was one
of adapting the circuitry and system philosophy so that, where possible, only components
which had been previously tested in the nuclear radiation environments were used.

A thorough radiation test of three developed transmitters proved that operation in the
nuclear radiation environment was possible and resulted in the development of a second 



generation transmitter with nuclear hardening modifications included along with the
capability for 100 watt average power output.

The Model 2441 Transmitter    The model 2441 L-band transmitter shown in Figure 1
employs an advanced method of generating, stabilizing and modulating the r. f. carrier
frequency. The method is to frequency lock a crystal oscillator to a self excited oscillator
which operates directly at the output frequency. This is accomplished through the use of
an Automatic Frequency Stabilizing (AFS) System which has been thoroughly proven in
a number of operational equipments. Operation of the system may be shown by reference
to Figure 2.

A sample of the self excited oscillator frequency is mixed with the output of a crystal
oscillator to derive a frequency which is the difference between the 15th harmonic of a
crystal oscillator and the output frequency. This difference frequency is then amplified in
an IF strip, limited, and applied to a frequency discriminator. The DC output from the
discriminator is then applied to a reactance tube modulator (RTM) which is connected
across an oscillator tuned circuit. The action is such that as the oscillator frequency tends
to drift, a DC correction signal is generated and applied in the proper phase to the grid of
the RTM. By having sufficient system gain around the loop the instabilities inherent in
the self excited oscillator, for all practical purposes, are completely degenerated, and the
overall stability is determined solely by the crystal oscillator.

A unique locker search circuit with appropriate logic circuitry is included in the AFS
unit to insure immediate frequency lock.

The oscillator RTM employs a dual cavity in which one Z2869 ceramic tube serves as
the oscillator and another serves as a Reactance-Tube-Modulator (RTM). It is possible
by appropriate adjustment of the circuits to obtain a sensitivity of 5 mc/volt.

The inherent frequency stability of the oscillator-RTM without stabilization is in the
neighborhood of .1% which corresponds to approximately 1.5 mc/s. This means that the
error signal changes applied to the RTM grid will swing no more than 1 volt.

It is pointed out that the modulation voltage as well as the error signal voltage is applied
to the RTM grid. For a deviation of 250 KC only 100 mv of RTM grid voltage is
required, and for this small voltage change, extremely good linearity is possible. This
was borne out by actual measurement of linearity which was better than 1%.

The unit when first turned on is 6 to 8 mc/s high in frequency. This is far less than the
total pull range of the system and frequency lock is readily achieved. RF tuning
adjustments provide for operation of the oscillator-RTM over the 1435-1535 mc/s tuning
range.



The lo-level amplifier accepts the Osc-RTM output signal and raises it to approximately
I watt. This amplifier was also required in the second generation transmitter
configuration to drive the driver amplifier which in turn drives the final power amplifier.

The lo-level amplifier uses a ceramic General Electric Z 2869 tube in a grounded grid
cavity circuit. Bias is obtained through the use of a self-biasing resistor in series with
cathode circuit. Exceptionally good performance is obtained in this unit. For example, a
power gain of 10/1 is achieved with a plate efficiency of 40%.

The crystal oscillator package is comprised of a basic colpits oscillator and a buffer
amplifier and mixer. The crystal is not temperature controlled or compensated for
ambient temperature variations but was selected for its proven nuclear radiation
tolerance. It was felt that temperature and possibly radiation compensation should be
deferred to a later development stage.

The mixer is included as an integral part of the crystal oscillator package and utilizes a
General Electric high frequency ceramic 7841 diode. The mixer is a broadband untuned
circuit. The action of the mixer is to generate harmonics of the crystal frequency and to
mix the 15th harmonic with the high frequency RF to derive a 1 mc/s difference
frequency.

This design of the model 2441 transmitter was theoretically radiation hardened for
testing to radiation levels of 1.8 x 1010 ergs/gm-C for gamma and 1 x 1016 n/cm2

(E>.3MEV) for fast neutrons. The parts and materials problems associated with the
design involved (1) the conversion from transistorized circuitry to Nuvistor vacuum
tubes in the AFS, (2) the development of a 1500 mc/s self-excited oscillator without the
use of a varactor diode for modulation purposes, (3) the use of irradiated poly-ethylene
and other radiation acceptable dielectrics in lieu of Teflon, (4) the use of specially cut,
mounted, and housed crystals, and (5) the use of a specially built radiation hard delay
line in the AFS unit.

Radiation Testing    Design effectiveness was put to the test in October 1963 when
three model 2441 transmitters were fully instrumented and radiation tested at the Nuclear
Aerospace Research Facility (NARF), General Dynamics, Fort Worth. These units were
exposed to a maximum exposure rate at 3 Mw of 1.2 x 109 ergs/gm-(C)-hr and 4.6 x 1015

n/cm2 -hr (E > .3Mev) for an integrated exposure of 1 x 1011 ergs/gm-(C) and 4 x 1016

n/cm2 (E>. 3Mev). A plot of exposure versus time should be referenced in Figure 3. Data
were taken at 3 to 10 hour intervals throughout the test.

The major considerations in the radiation testing involved (1) the necessity of using 125
ft. signal and power cables because of the remote reactor location and (2) the need for 



reliable acquisition of usable data to sufficiently define transmitter performance during
the test.

During the radiation test the following parameters were recorded at intervals appropriate
to the anticipated dose level: Output power, output frequency, frequency stability,
frequency response, linearity, and test point outputs.

It is pointed out that in Figure 4, crystal oscillator changes vs. time, the frequency
changes shown on the curve have been multiplied by 15. This relates it directly to the
change in final output frequency.

Special note should be taken of the fact that the crystal oscillator frequency changes for
units No. 1 and 3 were out of frequency tolerance by a significant amount. These
changes were greater than anticipated for the type crystal used based on previous LTV
experiences. It should be further noted that the changes experienced in unit No. 2 were
within the bounds of previous test work, conducted by LTV.

In Figure 5, which is a curve of AFS error voltage, it can be seen that all of the units
were experiencing a gradual detuning, and in serial Nos. 2 and 3 there was an actual loss
of frequency lock. Serial No. 2 lost lock after approximately 101 hours (3.8 x 1016 n/cm2

(E>.3Mev) and 9.5 x 1010ergs/gm-(C)) and Serial No. 3 after approximately 70 hours
(2.5 x 1016 n/cm2 (E>. 3Mev) and 6.3 x 109 ergs/gm-(C)). Serial No. 1 maintained
frequency lock but was reaching a critical value. Figure 6, which shows the behavior of
power output, also reflects the effects of apparent detuning.

Thus, operational data taken during the test left several questions to be answered by
post-irradiation testing. Such tests were performed after nuclear radiation activation
levels had decayed to a safe working level.

The loss of frequency was found to be a result of nuclear induced deposition which had
taken place inside of the Osc-RTM cavity.

This had caused a shift in frequency which exceeded the pull range of the system. It was
possible to restore normal operation by retuning the oscillator frequency.

The deposition was attributed to the use of G10 fiberglass epoxy insulation material in
the cavity construction. This supposition was verified by comparison with the amplifier
cavity which was totally unaffected by such deposition. The amplifier employed identical
materials as those used in the Osc-RTM with the exception of the G10. It is suspected
that the G10 gave off a gas in the radiation environment which was subsequently trapped
and deposited on the internal surface on the cavity.



By substituting the irradiated crystal into an unirradiated crystal oscillator circuit it was
determined that the test measured changes were due to changes in the Bliley crystal.
Tests were made which showed that the circuit could not cause frequency changes: of the
magnitude which were experienced.

In general, the overall transmitter appeared to have withstood the nuclear radiation
design exposure of 1.8 x 1010 ergs/grn-(C) and 1 x 1016 n/cm2- (E >. 3Mev) without
severe deterioration of materials or components. Also it was proved that operation in the
nuclear radiation environment was possible.

The only significant problem that was found to exist was in connection with the
frequency control crystal oscillators which changed in frequency by approximately
0.05%. Many factors can affect the performance of a frequency control crystal including
exactness of cut, type of cut, polish of crystal, type of electrodes, contact materials and
envelope type. In order to determine the exact cause of change a number of tests in
which the above listed parameters are investigated must be performed. Pre-irradiation of
the crystal should also be investigated since only small changes are observed between 1
and 3 x 1016 n/cm2 (E>. 3Mev) with most of the frequency shift noted before this level is
reached. Any solution to this problem will be dependent on testing and evaluation of
various crystals.

The problem of loss in frequency lock is easily correctable, by a simple elimination of
the G10 fiberglass epoxy board that was used in the initial units.

The Model 2441A Transmitter    Second generation transmitter development logically
followed the radiation testing of the model 2441 transmitters and resulted in the
demonstration of a 100 watt average power output capability and the achievement of
certain circuit refinements in the entire transmitter, especially in the Automatic
Frequency Stabilization (AFS) circuits. The model 2441 transmitter, as improved, now
carries the designation of model 2441A transmitter. Three of these units were obtained
for test and evaluation. Mounted together, they are shown in Figure 7.

The three transmitters operate in the 1435-1535 mc/s UHF telemetry band, and employ
the same advanced method of generating, stabilizing, and modulating the RF carrier
frequency. Power amplifier stages have been added so that three stages of RF signal
amplification are required to raise the final output power to the nominal 100 watt level.
The first stage is the same as that used in the model 2441 and again a minimum of 1 watt
of RF power is produced. Two more 10 to 1 amplifier stages complete the RF amplifier.
All three RF amplifier cavities are designed for heat conduction to appropriate mounting
surfaces and the use of overall forced air cooling. The unique final amplifier construction
requires no liquid cooling.



The overall developmental transmitters are 17" x 18" x 3-3/4" and of rugged construction
employing nuvistor implementation in the AFS, crystal oscillator, and mixer circuits and
UHF type ceramic tubes in the Osc-RTM and RF amplifier sections. Typical frequency
response and linearity data on the model 2441A transmitter are shown in Figures 8 and 9
respectively. Overall transmitter efficiency was 25%, which does not include any
allowance for power conversion units.

During final development of the 100 watt RE amplifier stage, it was discovered that the
tetrode (a Z5267) selected for this application was no longer in production. Difficulty in
controlling tube parameters had caused manufacturing costs to become prohibitive.
Replacement tube possibilities were discussed, including the X843D triode, however, in
view of the extent of existing cavity development tailored to the Z5267, it was decided to
retain the Z5267 in the developmental model 2441A transmitters. It was anticipated that
future 100 watt cavity designs could incorporate new final tube types, still retaining most
of the design advancements achieved with the Z5267 cavity.

Conclusions    The feasibility and capability of a high power L-band telemetry
transmitter suitable for operation in a severe nuclear environment has been proven. No
claim is made that the resultant hardware is in the prototype stage. However, it is felt that
the developments achieved will have a bearing on many applications involving a nuclear
environment.

Fig. 1 - Model 2441 Telemetry Transmitters



Fig. 2 - Overall Transmitter Block Diagram

Fig. 3 - Nuclear Radiation Exposure of the Model 2441 Transmitters



Fig. 4 - Crystal Oscillator Frequency Change During Irradiation

Fig. 5 - Error Voltage



Fig. 6 - Power Output of the Model 2441 Transmitter During Irradiation

Fig. 7 - Three Model 2441A Transmitters



Fig. 8 - Serial No. 5 Frequency Response

Fig. 9 - Serial No. Linearity


