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FOREWORD

The purpose of this research project was to design, develop, and test a
high power, 35-GHz transmitter system with variable pulse widths and pulse
repetition rates for use in studies of the biological effects of millimeter-
wave electromagnetic radiation. This system consisted of a millimeter-wave
transmitter, its -12 kilovolt power supply, and associated interconnecting
cables (the focused antenna was to be provided by the sponsor). This
transmitter system was intended to simulate the operation of electro-optical
countermeasures instrumentation with respect to pulse characteristics and
power levels while providing a highly-controllable and repeatable dose of
electromagnetic energy to the biological system under investigation.

Design and development of the transmitter system was conducted by
personnel of the Biomedical Research Division in the Electronics and Computer
Systems Laboratory at the Georgia Tech Research Institute of the Georgia
Institute of Technology, Atlanta, GA. Mr. J. C. Toler served as Project
Director. The project was sponsored by the Walter Reed Army Institute of
Research of the Army Medical Research and Development Command at Fort Detrick
in Frederick, Maryland under Contract No. DAMD17-80-C-0190. Dr. Larry Larsen
of the Walter Reed Army Institute of Research served as Program Monitor.
Within the Georgia Tech Research Institute, the project was designated as
Project No. A-2812.

This report describes the technical activities that were undertaken in
the process of designing, developing, and testing the transmitter system.
Several persons contributed substantially to the technical activities, and
the authors would especially like to identify the contributions of Dr. L.
Larsen and Mr. J. Jacobi of the Walter Reed Army Institute of Research.

Resiectfulli submitted,

J. C. Toler
Project Director

APPROVED:

. L. tain, birector
Electronics and Computer Systems Laboratory



SECTION I
INTRODUCTION

The purpose of this project was to design, develop, assemble, and test a
high-power transmitter system that would subsequently be used with a focused
antenna to investigate the possibility that biological systems are adversely
affected by exposure to millimeter-wave electromagnetic environments. The
need for such a transmitter system has resulted from the increasing use of
millimeter-wave energy in applications such as short-range communications,
radar (fire control, terrain, etc.), and electro-optical countermeasures.

Biologically, millimeter-wave energy may have unique effects due to
frequency-specificity, 1locally-high power densities, and high energy
deposition in small tissue volumes. Of particular interest in this frequency
range are potential ocular hazards.

‘Frequency-specific effects on the respiratory control ratios of
mitochondria exposed to high incident power densities (500 mw/cm2 and 1000
mw/cmz) have been reported by Motzkin [ 1] and Melnick [2]. Effects at
specific millimeter-wave frequencies on the metabolism of metals in animals
and on the growth of adenovirus have been reported in the Soviet literature
[3,4]. A quasi-lattice vibration model for millimeter-wave and microwave
electromagnetic (EM) field interactions with tissue has been described by
I1linger [ 51, indicating the possiblity of damped resonant interactions with
biological systems. Frequency-specific effects of 45-46 GHz irradiation on
bacterial colicin synthesis were reported by Smolyanskaya [6]. These
findings have been supported by Motzkin [ 71; however, investigations by
Swicord (81 did not support these findings. Conflicting results have also
been reported concerning possible millimeter-wave athermal effects on the
permeability of erythrocytes [1,2,9]. A panel discussion dealing primarily
with potential cellular effects of millmeter waves identified dielectric
dispersion and absorption phenomena as a possible mechanism with respect to EM
field/biological system interaction.

Because of results reported in literature such as that cited above, a
need has existed for a millimeter-wave source with a high output power
capability in combination with a wide range of available pulse modulations.
Such a transmitter system would permit bioeffects investigations under many



possible exposure conditions. Thus, if some unique combination of pulse
parameters happens to elicit a significant biological response, the
probability of identifying the modulation condition is greatly improved when
an exposure source with a wide range of pulse conditions is utilized.

The transmitter system developed during this project was of the master
oscillator-power amplifier type. The oscillator was a low-power, solid-state
Gunn diode that drove a multicavity klystron amplifier having a 50 dB power
gain. Thus, one kilowatt of continuous output power could be achieved using a
Gunn oscillator with a 10 mW power output. This approach offered several
advantages. First, pulse modulation could be accomplished at a low-power
level, thus significantly reducing modulator cost and complexity. Second,
control of the overall output power from the system could be provided by
varying attenuation between the oscillator and power amplifier. Third, the
frequency of the Gunn oscillator could be controlled automatically using a
simple DC error-correcting voltage. Finally, harmonic and spurious output
suppression could be enhanced through the use of a lower-power waveguide
filter between the oscillator and amplifier. Details related to the design,
development, operation, and service of this transmitter system are provided
in the following sections of this report. More specifically, Section II
presents technical sbecifications to which the transmitter was designed and
the design approaches considered during development of the transmitter are
discussed in Section III. This section also identifies the design approach
that was ultimately followed. In Section IV, the final design, including the
limited acceptance test and delivery of the incomplete transmitter system, is
presented by describing the waveguide interconnections that comprise the
system. Finally, references cited in the report text are presented in Section
Y and operating instructions for the klystron amplifier are provided in the
appendix.



SECTION II
TRANSMITTER SPECIFICATIONS

This research and development effort required the design and
construction of a high-power, single-frequency, millimeter-wave transmitter
with variable pulse widths and pulse repetition frequencies suitable for use
in studies of the biological effects of exposure to millimeter-wave
electromagnetic radiation. The transmitter had to simulate the operation of
electro-optical countermeasures instrumentation with respect to pulse
characteristics and power levels, and provide a highly-controllable and
repeatable dose of electromagnetic energy to the sample under investigation.
In order to accomplish these objectives, a transmitter operating at a
frequency of 35 GHz with a peak power output of 1 kilowatt (kW) + 0.5 dB was

designed, developed, and fabricated. This millimeter-wave transmitter
conformed to the specifications required by the original Request for
Quotation (DAMD17-80-Q-0006). The primary power source was of the

oscillator-amplifier type, and employed a Tow-power, Gunn diode oscillator to
generate a fundamental signal with a noise power spectral density at least -35
dBc. The Gunn oscillator output was then (1) modulated to the desired pulse
width (1-to-25 microseconds in 1.0 microsecond increments) and repetition
frequency (100 Hz to 10 kHz), (2) leveled via a Faraday rotation ferrite
modulator, and (3) amplified by a multicavity klystron amplifier to achieve
the required peak output power Tevel of 1 kW. The system was also capable of
continuous operation at a 1-kW level.

The transmitter system incorporated devices for continuous monitoring of
duty factor and frequency. Also, the average forward and reflected output
power were controlled to within an accuracy of 0.5 dB. Associated with the
frequency monitoring capability of the system, which was provided by an
incorporated digital frequency counter, was an automatic frequency control
(AFC) loop which maintained the transmitter's output frequency at 35 GHz + 10
MHz. In addition, fault detection and prevention circuitry protected
components of the system from damage resulting from improper usage or failure
of other components. This circuitry would also protect against personnel
safety hazards in the event of a component failure. One protection circuit
monitored load VSWR, and provided a variable threshold (with a calibrated



value of 1.1:1) which the Toad VSWR could not exceed without causing a total
shutdown of the system. Other protective circuitry monitored (1) peak power
output, which was not allowed to drift outside specified 1imits (1000 W +0.5
dB), (2) high-voltage arcing in the klystron amplifier, and (3) coolant
temperature. ,

The millimeter-wave transmitter was designed such that the
specifications listed above would be met for operating temperatures in the
range from 55° to 95°F (12.7° to 35°C) and for operating relative humidity in
the range from 10 to 80 percent. In addition, the transmitter was designed to
withstand storage temperatures of 0° to 110°F (-17.8° to 43.4°C) and relative
humidities of 10 to 95 percent.
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SECTION III
DESIGN APPROACH

Technical considerations were given to a number of different design
approaches that could be used to develop a millimeter-wave transmitter
system. These technical considerations and design approaches are described
in this section, which begins with a general discussion of Tlow-power
oscillators and klystron power amplifiers designed to operate in the
millimeter-wave frequency range. Possible design approaches considered
during the research and development of this transmitter system are then
discussed. The specific design approach followed in developing the
transmitter is then identified.

A. Technical Considerations

The desired configuration for the source of the high-power signal
produced by the transmitter system 1is the Tlow-power oscillator-power
amplifier configuration. This configuration allows modulation at the more
convenient low-power Tlevels before signal amplification, as opposed to a

situation in which a high-power oscillator (such as a magnetron) must be
modulated at a high-power level. Modulation at the high-power level would
result in undue circuit complexity and inefficiency as well as significant
degradation of system capabilities. In addition, the oscillator-power
amplifier source configuration 1is more adaptable to electronic leveling
schemes than is the high-power oscillator. Sampling and detection of the
output signal are performed at a low-power Tevel with more economical Tow-
power millimeter-wave components.

Typically, single-frequency millimeter-wave power sources designed in
the oscillator-power amplifier configuration consist of a low-power solid
state oscillator which generates fundamental frequency RF energy at power
levels ranging from tens to hundreds of milliwatts. This oscillaotr is
followed by either a solid-state or tube-type power amplifier, depending on
the output power level desired. Low-power, solid state oscillators are
usually a negative-resistance diode. Gunn diodes produce EM energy of high
spectral purity and low-noise spectral density, but their output levels are
far below those of IMPATT avalanche diodes which depend on an inherently noisy
carrier multiplication process for the generation of EM energy. For the
millimeter-wave transmitter developed during this project, spectral purity of
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the output signal was an important requirement. Therefore, a Gunn diode
oscillator was selected as the source of low-power EM energy.

Besides operating as a source of millimeter-wave energy, negative-
resistance diodes can also be used as amplifiers. For example, if an IMPATT
diode 1is properly coupled into a resonant cavity, the resistive load of the
cavity suppreses the oscillation of the diode. However, amplification will
result if the diode is driven by a voltage waveform at or near the resonant
frequency of the cavity. Semiconductor-type millimeter-wave amplifiers, how-
ever, operate at power levels of only a few watts. To achieve the kilowatt of
peak output power required of this millimeter-wave transmitter, a klystron
amplifier tube would be necessary.

Some background information on the performance characteristics and
application considerations of these devices was necessary for the effective
design of a millimeter-wave source utilizing them. The Gunn effect, on which
the design of the Gunn diode is based, was first observed by J. B. Gunn in
1963 during the performance of noise experiments under conditions of high
electric field intensity in gallium-arsenide (GaAs) semiconductor wafers
[10]. Gunn observed microwave oscillations in GaAs wafers with applied DC
electric-field intensities of 3200 V/cm, and conducted a series of
experiments to determine the details of the oscillatory waveforms. These
oscillations were later shown to be consistent with previously proposed
theories of negative resistance based on quantum mechanical considerations.

Qualitatively, the Gunn effect is the result of the transition of
electrons within the conduction band of certain compound semiconductor
crystals to energy states characterized by a higher effective mass. This
transition is excited by an applied electric field, and causes a decrease in
electron mobility with increasing electric field intensity--a negative
resistance characteristic. This decrease in electron mobility results in the
formation of charge dipole layers which increase the field intensity until
electron velocities within the dipole layer equal those outside. This layer
then propagates to the anode, following which a new dipole layer is formed.
The electron velocity at the velocity-field curve minimum for the
semiconductor material is called the saturated drift velocity (vs). It is
this velocity with which the electrons in the dipole layer travel. Thus, the
frequency of operation is approximately f = vs/L, where L is the distance
between the contacts on the semiconductor crystal. The 1length of the



semiconductor conduction path, therefore, determines the frequency of
oscillation. Modern Gunn oscillators actually operate in a somewhat
different mode, known as the accumulation layer mode.

Several manufacturers (Hughes Electron Dynamics Division, Baytron,
Nippon Electric Company, Alpha Industries, etc) of self-contained millimeter-
wave Gunn oscillators were identified. Typical parameters specified for
these oscillators included:

frequency of operation (GHz),
minimum tuning bandwidth (MHz),
power output (mW),

DC bias voltage (V), and

DC bias current (mA).

Secondary specifications given by some manufacturers (a few of which were
critically important in this transmitter design) included:

power output stability (dB/°C),
frequency stability (MHz/°C),

load VSWR,

AM noise (dBc),

modulation sensitivity (MHz/V), and
tuning voltage (V).

These oscillators were specified to operate at a nominally fixed frequency and
output power level which was a function of their design. They were not
generally amplitude-modulated by variation of the DC bias voltage, as this
would cause freqdency pulling in addition to the modulation. However, some
were capable of frequency modulation, utilizing varactor-tuned cavities to
vary the frequency of oscillation in response to an applied modulation (or
tuning) voltage. This electronic tuning capability was utilized to provide
the automatic frequency control (AFC) for the transmitter system. The AFC
circuit was designed to compensate for the drift inherent in these oscillators
due to power supply variations, temperature, and load VSWR. Pulsing and
leveling of the power output were accomplished by EM components external to
the oscillator.
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Millimeter-wave modulators using the Faraday rotation effect were
manufactured by most of the same companies that marketed millimeter-wave Gunn
diode oscillators. These modulators could, in general, be used to pulse
millimeter-wave sources. They exhibited rise times too slow for this design
application, however, and were used only to level the output signal of the
Gunn oscillator. PIN diode switches were used to pulse the low-power signal
according to the preset pulse width and pulse repetition frequency ranges.

Klystron amplifiers are linear-beam (microwave or millimeter-wave) tubes
which avoid the transit time limitations of more conventional grid-controlled
amplifier tubes. They operate by velocity modulation of a focused electron
beam rather than by density modulation of electrons with a fixed drift
velocity as is the case with grid-controlled tubes. In the klystron
amplifier, a beam of electrons generated by a small electron gun is directed
through a central opening in a cavity resonator. Low-power EM energy is
coupled into the cavity and interacts with the electron beam. In a klystron
amplifier, the electron beam is directed into the central opening of another
resonant cavity with the same resonant frequency as the input. In a two-
cavity klystron, the simplest type of klystron amplifer, the amplified signal
is excited in this cavity by the velocity-modulated electron beam and then
coupled out of this cavity and into the working load. Cavities can also be
cascaded, increasing the gain at the expense of bandwidth. In a multicavity
klystron, the intermediate cavities function to increase the modulation of
the electron beam. As the electron beam propagates toward the collector (the
positive electrode of the klystron), it becomes defocused as a result of
repulsion between the electrons in the beam. If positive jons are present,
they tend to neutralize the negative space charge of the electron beam and
keep it focused. However, in a multicavity klystron, a beam focusing
apparatus (usually a series of electromagnets) is almost always required.
Modern multicavity klystrons can achieve power gains as high as 60 dB, and
exhibit 1linear amplification characteristics from zero-input signal levels to
within 2-3 dB of saturation.

Klystron amplifiers exhibit excellent noise characteristics. For a
well-designed klystron operating with a well-regulated power supply, the
noise generated in the tube will typically be negligible compared to the
amplified noise from the drivfng source. Power supply regulation on the
negative cathode supply is important, however. Phase ripple with respect to
variation in the power supply voltage is given by



AV - (1)

¢ . LAY
¢ v

~O] =

where ¢ = total phase transit angle through the klystron. Typically,
v
¢ = 10(N-1) rad, (2)

where N = number of cavities. Thus, the effect of power supply variation
increases with the number of cavities in an approximately linear fashion.

B. Design Approach
Initially, a preliminary block diagram of a transmitter system that

would potentially provide the performance required by the design
specifications was generated. This preliminary diagram is shown in Figure 1.
The next step involved determining component availability and examining
potential means for implementing each of the blocks in this preliminary block
diagram. The major difficulty in implementing this initial design arose with
respect to the modulator/leveler subsystem. At first, an attempt was made to
combine these functions 1in a single component; however, devices for
accomplishing both these functions (such as PIN diode modulators) at 35 GHz
were not commercially available. Therefore, it was necessary to separate
these functions by incorporating both PIN diode switches and ferrite
modulators in the modulator/Teveler subsystem. This change is reflected in an
intermediate system block diagram shown in Figure 2. The following paragraphs
discuss key design considerations of the final design approach.

1. Klystron Amplifier

Availability of a suitable klystron amplifier tube was found to be the
single most critical factor in the design of the millimeter-wave transmitter
system.  Among the manufacturers contacted, only Varian Associates could

supply an acceptable 1 kW, continuous-wave klystron amplifier operating at a
frequency of 35 GHz. Varian offered three different approaches, the most
economical of which utilized the Varian Type V-A928 Klystron Amplifier. This
tube was a six-cavity klystron with a 50 dB power gain and a + 30 MHz
bandwidth. It provided a noise floor of -100 dBc and a phase sensitivity to
power supply variations of 0.2 deg/V. This klystron amplifier was selected
because it met the transmitter design specifications and it was the least
expensive of the three tubes available from Varian.

-9-
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Figure 1.

Preliminary block diagram for the millimeter-wave transmitter system.
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2. Gunn QOscillator

Determination of the klystron amplifier to be used in the transmitter
facilitated the specification of a suitable Gunn oscillator. Because the
klystron amplifier provided 50 dB of power gain, the peak output power of the
Gunn oscillator had to be only 10 mW (assuming no insertion loss through the

PIN diode switch or the ferrite modulator). Because the leveler/modulator
possessed a finite insertion loss, an additional 5 dB of power output was
required of the Gunn oscillator, producing a final specification of 30 mW
output power. This output power also satisfied the requirement on oscillator
output power in the original Request for Quotation.

A1l of the Gunn oscillators examined met or exceeded the noise
specification of -35 dBc. Also, these oscillators demonstrated a high degree
of spectral purity. Following the examination of commercially-available Gunn
diode oscillators, two candidate devices were identified. These were the
Hughes Type 41661H and the Alpha/TRG Type A9500. The Hughes oscillator
exhibited a much higher electrical tuning bandwidth (400 MHz as opposed to 100
MHz for the Alpha/TRG Oscillator), but the Alpha/TRG unit had slightly better
frequency and power stability specifications (-1.5 MHz/°C and -0.04 dB/°C
versus -2.0 MHz/°C and -0.05 dB/°C for the Hughes oscillator). The Hughes
oscillator specifications quotéd an AM noise-to-carrier ratio of -115 dBc in a
1-kHz bandwidth. The noise specification for the Alpha/TRG oscillator was not
given in a comparable form.

To determine the drift and tuning requirements, the environmental condi-
tions specified in the original Request for Quotation were employed
analytically to determine the maximum drift of each oscillator over the
temperature range. To provide a more demanding estimate of the temperature
fluctuation, the storage temperature variation specified was used, rather
than the operating temperature variation. This variation was 61.25°C total.
For the Hughes oscillator, this temperature variation would cause a frequency
drift of 122.4 MHz and a power drift of 3.06 dB. For the Alpha/TRG
oscillator, this variation would produce a frequency drift of 91.8 MHz and a
power drift of 2.45 dB. While this frequency drift was within the electrical
tuning range (+ 200 MHz) of the Hughes oscillator, it is not within that of
the Alpha/TRG oscillator (+ 50 MHz). Therefore, the Hughes Type 41661H Gunn
Diode Oscillator was selected.

The output waveguide for this oscillator was Ka-band with the WR28 desig-
nation. Therefore, all other millimeter-wave components were selected to
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mate with this rectangular waveguide.

3. PIN Diode Pulser

The PIN diode switch shown in the block diagram of Figure 2 was used to
pulse-modulate the signal produced by the Gunn diode oscillator. In theory,
pulsing could be accomplished using the ferrite modulator alone. However,
available 35-GHz modulators did not satisfy the pulse rise time specification

for the transmitter; therefore, a binary PIN diode switch, which did meet the
rise time specification, was selected for pulsing the EM energy produced by
the Gunn diode oscillator. A ferrite modulator was used to level the output
of the transmitter.

Since the klystron was a linear amplifier from zero-input signal to over
a kilowatt, the on/off ratio of the pulsed power was important. In a typical
millimeter-wave radar, the output power is zero between pulses. However,
achievement of true "off/on" radar operation was not possible with the
configuration of Figure 2 since the PIN diode switch "leaked" a small fraction
of the applied energy even in the "off" state. This leakage was minimized
through judicious selection of a PIN diode switch. An on/off ratio of 60 dB
would produce an output power level of 1.0 mW between pulses. This isolation
was achieved by using two Alpha/TRG Type A75001 single-pole-single-throw PIN
diode switches, each having 30 dB isolation.

This switch mated with the same waveguide (WR28) and flange (UG599/U) as
the Gunn oscillator. A short, straight section of WR28 waveguide was used to
join the two components.

4. Power Leveler

The ferrite modulator/leveler shown in the block diagram of Figure 2 was
a Faraday rotation device which operated as an e1ectronica11yécontro11ed
variable attenuator capable of up to 30 dB attenuation. This was the
operative device for the power-leveling 1loop. Under normal operating
conditions, the modulator/leveler would provide an output to the klystron of
approximately 10 mW (approximately -7 dB attenuation), pulsed according to
the user-determined pulsing scheme. Under conditions which produced the
maximum power drift in the oscillator of -3.06 dB, the modulator/leveler
attenuation was automatically reduced to -4 dB, thus maintaining a level
output.

-13-



Commercially-available ferrite modulators/levelers trade modulation
rise time for bandwidth. Since modulation rise time (indicating ability to
follow rapid changes in output level) was much more important than bandwidth
in this single-frequency application, the ferrite modulator/leveler was
chosen Tlargely on the basis of modulation rise time. The Alpha/TRG Type Al130
ferrite modulator/leveler was therefore selected as most suitable.

5. Pulse Generator
The pulse generator (which drove the PIN diode switch) controlled the EM
energy produced by the Gunn oscillator in such a manner as to generate the

desired pulse waveform. Characteristics of the pulse generator were dictated
by the operating conditions of the modulator which operated on the EM energy
produced by the oscillator. These conditions included bias voltage, bias
current, voltage swing, and rise time.

With this transmitter design, a digital interface -to the pulsing
circuitry was also provided. This interface facilitated the setting and
control of desired pulse widths and consisted of a hybrid analog/digital
system that performed any necessary operations on the digitally-set, user-
determined pulse characteristics. This digital information was then
converted into a form which could be used to control the operation of the
ferrite modulator.

6. Monitor Points

Monitor points within high-power signal sources are necessary for
maintenance, to assure proper system operation, and to measure test
parameters. Monitor points were desirable from the pulse generator, leveler,
power supply, and klystron for ease of trouble shooting. To assure proper
signal source operation, it was also desirable to monitor VSWR in the
waveguide transmission line, and to monitor the cooling system operation.
Test parameters such as pulse width, pulse repetition frequency, signal
frequency, and output power were also measured.

The transmitter design requirements specified that the load VSWR be
monitored and used in a variable-threshold, fail-safe control lToop. The VSWR
was therefore monitored by inserting a bidirectional coupler in the waveguide
transmission line. By measuring the forward and reflected power on the two
ports of the bidirectional coupler, the VSWR could be determined. This VSWR
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signal was then be used to control the VSWR fail-safe circuit, which would
shut down the transmitter if the VSWR rose above the preset level.

Figure 3 shows a typical design approach for monitoring VSWR and other
test parameters from a bidirectional coupler inserted in the waveguide trans-
mission Tine. In the forward-power arm of the coupler, the signal is first
attenuated to power levels compatible with the crystal detector, frequency
meter, and power meter. The detected output of the crystal detector is
displayed on an oscilloscope so pulse rate, width, and shape may be
determined. The measured power level is corrected for losses and coupling
factors to determine the true forward power. Either peak power or average
power Tlevel can be determined. The detected forward power is also
incorporated as an input to the automatic power control circuitry shown in
Figure 2.

In the reflected-power arm of the bidirectional coupler, the power is
first attenuated to measurable levels. The power meter in this arm indicates
reflected power after being corrected for losses and coupling factors. A
crystal detector and comparator circuit are used to provide an indication of
the reflected power. Referring to Figure 2, a portion of the voltage from the
reflected po@er detector may be routed to the automatic power control
circuitry if it is desired that a constant net forward power to the load be
maintained.

7. Safety Interlocks

A number of safety interlocks and circuits were necessary to protect the
more expensive electronic components and to provide a high degree of personnel
safety. To protect components, filament overvoltage interlocks, a VSWR
interlock, and coolant interlocks were designed into the system. Also, to
assure that the tube filaments  had stabilized at their final operating
temperature before high voltage was applied, warm-up delays were designed
into the signal source. Likewise, when de-energizing the signal source, cool-
down delays were provided.

Personnel safety was a prime consideration during the final design and
testing of the transmitter. Micro-switches were therefore used on cabinet
doors to shut down the high-voltage supply if a door was inadvertently opened.
Also, keyed interlocks were used to prevent operation of the equipment by
unauthorized personnel.
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8. Automated Power Control

Figure 4 dillustrates the automatic power control concept. The
difference between the detected forward and reverse power was used to maintain
a constant net power delivered by the system under changing VSWR conditions.
The set point voltage was used to determine the initial attenuation of the
ferrite modulator, nominally 5-7 dB. The offset adjustment was required to
compensate for the normal difference in the forward and reflected detected
power levels. The new output of this circuitry was used to vary the modulator
voltage and thereby control the klystron power output.

9. Automatic Frequency Control

In Figure 5, the automatic frequency control concept is illustrated. As
indicated, the tuning capability of the Gunn diode oscillator was used to tune
the transmitter output frequency to 35 GHz and maintain it to within + 10 MHz.
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SECTION IV
FINAL DESIGN

After evaluating the performance capabilities of the transmitter
subsystems shown in Figure 2, minor changes were incorporated and the design
was frozen. The final design is shown in block diagram format in Figure 6. In
this diagram, it can be seen that the signal from the 20-mW Gunn oscillator
source was routed to PIN diode switches (two switches in series to provide the
necessary attenuation in the "off" mode) where they were pulse-modulated by
the output of the pulse generator. Next, the signal was leveled with a
ferrite modulator. A manual amplitude control was also incorporated into this
stage as an additional feature. After passing through these stages, the
signal had experienced a maximum attenuation of 5 dB, resulting in 15 dBm to
drive the klystron amplifier. Since the klystron amplifier was capable of
producing 1 kW (+30 dBw) of power at 35 GHz at a gain of 50 dB, a 5 dB safety
margin was provided in the driving signal. This stage incorporated the
various safety features required in a high-power transmitter, i.e., thermal
shutdown, arc detector, VWSR monitoring, etc. The signal from the klystron
amplifier was next routed to a bidirectional coupler which provided samples of
forward and reflected power. These power samples were detected and used to
compute VSWR, net power, and duty factor. VSWR and net power were used in the
shutdown and Tleveling circuits, respectively. In addition, front-panel
readouts of these parameters were provided. Finally, the amplified signal was
coupled to a waveguide switch where it was routed to either a 50 ohm resistive
load or to an antenna through an EH-tuner. The antenna was provided by the
Army Medical Research and Development Command, and was not available to this
project.

The block diagram in Figure 7 documents the final design of circuits
associated with the Tow-power subsystem's AFC loop and frequency counter. The
fundamental signal source was the solid-state, voltage-controlled Gunn
oscillator discussed earlier, and it had an associated AFC loop and digital
frequency counter. A small sample of the 35-GHZ signal was obtained from the
directional coupler and mixed in the harmonic mixer with the third harmonic of
an 11.5-GHz signal from a phase-locked source. The resulting nominal 500-MHz
intermediate frequency was amplified and divided by 10 in a UHF prescaler.

-21-



_ZZ_

ECTIO
35 GHz GUNN p  1sorator DIRECTTONAL - TO PIN DIODE SWITCH
0SCTLLATOR COUPLER
0
INTERFACE 11.5 GHz SOURCE j———p|  HARMONIC e AMPLIFIER
, MIXER
L i A 4
PRESETTABLE
- X COUNTER - 26
LOOP FILTER 4—| DISCRIMINATOR s i3.080 16 Mz ZTAL
‘ ’ REFERENCE
= 2586

Figure 7.

counter.

Final block diagram of the low-power subsystem's AFC loop and frequency




This signal was then routed to both a discriminator and a counter. In the
discriminator, the signal was compared with the output of a crystal-
controlled reference and generated an appropriate error signal for correcting
frequency drift in the oscillator. The frequency counter used the same
reference to provide a readout of signal frequency. Accuracy of both the AFC
Toop and the frequency counter was + 5 ppm (+ 175 kHz) over the specified
temperature range. The AFC loop in this final design corrects a major problem
that would have occurred if the intermediate design shown in Figure 2 had been
used. This problem was the fact that, in the event of a large initial
frequency drift (as could occur at start-up), the AFC signal would be lost
because of klystron shut-down. If this dinitial drift were outside the
klystron bandwidth, the klystron would malfunction, thereby activating the
shutdown subsystem and destroying the AFC signal. Thus, there would be no
opportunity for the AFC Toop to stabilize the output power. The final design
eliminates this potential problem by deriving the AFC signal from a point
ahead of the critical klystron stage.

Also associated with the low-power subsystem was the pulse generator
circuitry shown in Figure 8. This circuitry incorporated a digital frequency
synthesizer to control pulse repetition rate and a counter to control pulse
duration. BCD thumbwheel switches were used to preset pulse rate from 100 Hz
to 10 kHz in 100-Hz steps and pulse duration from 10 microseconds to 25
microseconds in l-microsecond steps. The frequency synthesizer employed a
phase lock approach in which a voltage controlled oscillator (VCO) was forced
to operate at a frequency n times that of the reference frequency. Thus, a
100 Hz reference and values of n between 1 and 100 resulted in a pulse rate of
100 Hz to 10 kHz in 100-Hz steps, as required. Pulse duration was controlled
with a presettable down-counter and a 1-MHz clock (which was also used to
generate the reference for the frequency synthesizer). At the start of each
pulse, the counter was preset to a number between 1 and 25 corresponding to
the desired pulse duration as set on the thumbwheel switches. The counter
then counted at the 1-MHz clock rate until zero was reached, at which point
the pulse was terminated and the counter reset.

In developing the final design for the transmitter system's power
supply, a decision was made to procure the supply from an external vendor
rather than design and construct it inhouse. Therefore, a 1ist of performance
specifications and prospective vendors was developed for use in obtaining
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cost and delivery quotations. It is noted that efforts to generate the
performance specifications for the power supply were difficult because very
little information was available from Varian Associates on the operational
requirements for the Type VA-928A Klystron Amplifier. Part of this difficulty
stemmed from the fact that the klystron amplifier was being procured by the
sponsor and provided to this project as government furnished equipment;
therefore, the major contacts with the klystron manufacturer were indirect
(through the sponsor) rather than direct. The magnitude of this difficulty is
evident in the fact that it was never possible to obtain a formal Tisting of
klystron amplifier operational requirements from Varian Associates.
Consequently, power supply requirements were generated on the basis of verbal
conversations describing what was expected to be necessary for the klystron
amplifier. These verbal requirements and the scoring of vendors capable of
providing the power supply are presented in Table I. As a result of the
scoring and in consultation with the sponsor, it was decided to procure the
power supply from Megavolt Corporation in Hackensack, NJ.

In the final analysis, the power supply procurement proved to be a
problem in nearly every respect. Midway in the power supply construction
effort, Megavolt Corporation moved their plant from Hackensack, NJ to Deer
Park, NY. This resulted in major time delays in the delivery schedule. After
extensive interactions with Megavolt Corporation on late delivery, the power
supply was finally subjected to a formal Acceptance Test, which it
satisfactorily passed with the exception that the ripple voltage under full
load conditions was 0.013 percent instead of the required 0.010 percent. The
acceptability of this higher ripple voltage and its possible effect on perfor-
mance of the klystron amplifier were checked with Varian Associates. With
their concurrence, the power supply was accepted with this performance
deviation. |

Immediately after the Acceptance Test, Megavolt Corporation failed as a
business, and it was not possible to obtain assistance with difficulties
encountered after delivery of the power supply. For example, the only
documentation received with the power supply was an overall drawing (Figure 9)
showing wiring interconnections between subassemblies in the power supply.
No documentation was available on any of the subassemblies and, when the
wiring interconnecitons were manually traced, many of them did not agree with
the drawing. This necessitiated removing the subassemblies and tracing the
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TABLE 1

COMPARISON OF POWER SUPPLY VENDORS FOR VARIAN TYPE VA928 KLYSTRON

Power Supply Requirements

Megavolt Corporation
Hackensack, N.J.

Universal Voltronics Corp.
Mount Kisco, N.Y.

Electromatic, Inc.
Palo Alto, CA

12 kV output at 1.0 amp max.

(adjust.) Yes

5.5 V output at 3.0 amps Yes
0.1 percent HV regulation Yes
0.01 percent HV ripple Yes
20 microsecond crowbar respoﬁse time Yes
25 amp Hv current limit Yes
150V output at 3-to-6 amps (adjust.) Yes
Arcing protection (=$2550) No
Over temperature protection Yes
Body current protection Yes
Electromagnet undercurrent protection Yes
VSWR protection Yes

5.0 amp max. surge current for

filament
Integration with klystron
Cooling system (%$4000)
Primary power
Delivery time
Weight
Size
Price
Company Size
Number of Employees

Enthusiasm toward program

3 increments
voltage steps

No
No
208v, 3 , 70A
6 months
500 pounds
19" x 24" x 72"
$27,900%%
25,000 ft.2
27
Very high

Yes
Yes
Yes
Yes
10 microseconds
Yes
Yes
No
Yes
Yes
Yes
Yes

current limit

No
No
208v, 3, 60A
6 months
2000 pounds
44" x 24" x 72"'%
$36,850
60,000 ft.2
125

Moderate

Not adjustable
Yes
Yes
Yes
10 microseconds
Yes
Yes
Yes
Yes
Yes
Yes
Yes

current limit

Yes
Yes
208v, 3 , 60A
8 months
1800 pounds
49" x 26" x 78"
$74,500
20

Low
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direct and printed-circuit-board wiring between components until schematic
diagrams could be derived. In doing this, numerous under-rated and otherwise
inappropriate components were identified and replaced.

After power supply documentation was generated and necessary design
modifications were incorporated, efforts were begun to interconnect the power
supply and klystron amplifier. This involved an increased direct interaction
with engineers from Varian Associates, and numerous design requirements not
previously identified began to surface. The most serious of these were as
follows:

) the "hard-on" 5.5 volt AC filament requirement stated on the
klystron amplifier data sheet was changed to a gradually-applied
6.3-volt DC requirement with a surge Timiting capability to assure
that the filament current did not exceed 5.0 amps,

(] a 5.0 volt, 10 amp power supply for an additional coil on the
klystron magnet was required,

) x-ray shielding of the klystron amplifier was specified,

(] a waveguide pressure monitor was required to remove beam voltage
from the klystron when the waveguide pressure dropped below 18
psia, oprotective circuits were required to remove beam voltage
from the klystron within 30 microse