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Summagx

This final technical report covers the work performed by GenRad, Inc.
under Contract No. DAABO7-75-C-1341 between June 1975 and July 1976 on an
Offset Local Oscillator and an electronically tunable microcircuit admittance
bridge. The contract was issued in May 1975 and extended in May 1976 by the
U.S. Army Electronics Command, Fort Monmouth, New Jersey. Research and
development work was carried out which led to the design of two engineering
models of an Offset LO covering the frequency range of 0.8 to 220 MHz.

A theoretical analysis of the behavior of an electronically tunable
microcircuit bridge was performed. Although the details of a completely
automatic balancing operation utilizing a tracking servobridge detector were
not examined, the circuits required for automatic balancing appear realizable.
The most practical method to obtain a direct readout of the resistance of the
resonator under test apparently will involve digital microprocessing. 1In
addition, the microprocessor can be used to compute other parameters such as
Q or equivalent inductance. Because it does not appear possible to keep the
direct accuracy of the bridge within acceptable limits throughout the entire
frequency range, it may be possible with a microprocessor to make automatic
corrections and to produce accurate display readouts.

The major deviations from the performance objectives expected are
a reduction in the measurable resistance range at the highest frequencies,
a reduction of the allowable drive level to the resonator being tested, and
a limitation of the capacitance measurement accuracy at the lowest frequencies.

The loss of capacitance accuracy results from the roll off of the bridge to
detector coupling.
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section 1

JPRSET LOCAL OSCILLATOR
INTRODUCTION

Objectives

The Tracking Servo Bridge Detector recently developed for
measuring quartz crystals requires a local oscillator signal which
is offset by exactly +80 kHz from a generator frequency over the
range of 0.8 to 220 MHz. This report presents the results of a
development program to design and produce two engineering models
of an Offset LO unit for this application. The design principles
are discussed, circuit and packaging concepts described and test
data is presented. The development of the Tracking Servo Bridge
Detector was previously carried out under Contract DAAB 05-73-C-0609.

General Requirements

The purpose of the Offset LO unit is to produce a signal
offset by +80 kHz from a generator input for use as the local
oscillator in the receiver section of the Tracking Servo Bridge
Detector. The receiver input mixer then will produce a constant

80 kHz IF frequency as the generator varies over the 0.8 to
220 MHz range.

It 1s vital that the Offset LO signal be free of spurious
frequency components which result in any 80 kHz IF signal in the
absence of receiver RF input. Any such spurious response limits
the ability of the receiver to detect and lock to the correct
bridge balance condition. 7The ideal situation exists when the
receiver detectivity is limited only by noise.

The use of a very well balanced mixer at the receiver input
results in about 50 dB of LO isolation. This eases the requirement
for LO spectral purity, but it is still very stringent.

The noise level of the receiver (random fluctuations of the
synchronous detector meters) corresponds to an RF input level of
about -153 dBm. The LO drive to the mixer is +7 dBm. With 50 dB
of mixer isolation the spurious generator component on the LO

signal must be 110 dB down to be no more than the noise.




1.2

General Requirements (continued)

There are other possibilities for spurious responses besides

an LO component at the f frequency. A ([Cen + 160 kHz)

Gen
spurious LO component is equally critical. So is a spurious
generator component at that frequency - the receiver image response.
Another more subtle possibility is the combination of an LO
spurious component which combines with a generator spurious
component to produce an 80 kHz IF signal. 1t is not sufficient

to simply insure the absence of +80 kHz sidebands on the LO signal;
any LO spur can potentially result in a false receiver response

in combination with a certain generator spur.

Since the generator is a frequency synthesizer and the output
signal is passed through a bridge which, at null, reduces the
main fGen component by perhaps 80 dB, the relative level of the
inevitable synthesis spurious products usually are greatly
increased. This situation is particularly bad because it is
difficult to predict the particular frequencies and levels of
these receiver spurious responses. An 80 dB down spurious level
is a typical specification for a high quality state-of-the-art
synthesizer which covers the required frequency range.

The design goal for the Offset LO should, there¢fore, be an
output with no spurious components less than 110 dB down.

A summary of the effects of spurious components on the
performance of the Tracking Servo Bridge Detector System is shown
in Figure 1.1.

Noise sidebands on the LO signal must also be considered.

LO noise sidebands at *80 kHz add to the receiver noise and should
be below the -110 dB relative level established for discrete
spurious components, measured in the post detection bandwidth of

a few Hz. LO noise sidebands close to the main component can also
contribute to receiver noise. The isolation of the input mixer
makes these sidebands relatively unimportant compared to those of
the generator signal itself. The receiver IF bandwidth is 2 kHz
and, therefore, it is the noise sidebands out to about *2 kHz from
the LO carrier which are of interest. This establishes the loop
bandwidth that is desirable in any phase-locked oscillators that

are used.




SUMMARY OF TSBD/OSLO SPURIOUS RESPONSES

’Case Gen LO Comment s
| Pure Pure
s 1 Yes Yes The only spurious response is leakage of
. i penerator signal into receiver input.
A
2 No ' Yes The receiver has no RF selectivity so a
! generator spur at the image frequency
fcen 160 kHz would produce a spurious
response. Spurious level set by synthe-l
sizer specs and ratio is enhanced by
bridge balance. Other synthesizer spurs
can produce responses caused by harmonic
intermodulation products in receiver
mixer.

3 Yes No Feedthrough of generator signal into the
LO output makes a leakage signal. An LO
component at fgep +160 kHz could also.

No other possible LO spur can, by itself,
cause a false response.

4 No No The combination of any two spurs with

80 kHz separation can cause a false
response (or any such harmonic inter-
modulation). The level of any such
possibility is set by synthesizer specs
and the ratio is enhanced by bridge
balance.

FIGURE 1.1
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General Requirements (continued)

The offset LO has to operate over the entire frequency
range of the Tracking Servo Bridge Detector. Range switching is
permissible, but wideband techniques are desirable where practical
to reduce cost and complexity.

The offset accuracy is dictated by the synchronous detector
reference crystal oscillator lock range in the Tracking Servo
Bridge Detector. An accuracy of *50 ppm is acceptable.

Input and output levels are dictated by those specified for
the Tracking Servo Bridge Detector: O dBm generator input and
+10 dbPm LO output. The Offset LO unit will obtain power and
certain control and alarm signals from the Tracking Servo Bridge
Detector. It is to be housed in a separate bench/rack package

with as low a height as possible.

Goal Specification

These factors thus lead to the following list of tentative
specifications for the Offset LO unit for the Tracking Servo
Bridge Detector system. These specifications served as goals
for the development work and some changes are necessary based on

the actual test results described later.

Frequency Range: 0.8 to 220 MHz

Range Switching: as follows -

No. MHz

1 125-220
2 75-140
3 45-85
4 28-52
5 17-32
6 11-20
7 7-13
8 5-9




1.3 Goal Specifications (continued)

No.

9
10
11
12

MHz

3.2-6

2, -3.7
1.3-2.3
0.8-1.5

Frequency Offset: +80 kHz *50 ppm with respect to generator input

Generator Input: O dBm nominal into 508

Offset LO Output: +10 dBm %1 dB in

to 5002

Spurious Output Components: All non-harmonically related components

110 dB down. This applies to all

discrete components and noise components

at +80 kHz from the carrier measured in

a 1l Hz
Output Harmonic Distortion: N

Power Supplies: -5.2V at 0.7A max
-22V at 0.2A max
-18V at 0.2A max
+18V at 0.2A max

bandwidth.

dB down

Interface Signals: Range information and unlock alarm compatible

with Tracking Servo Bridge Detector.

Package: Rack/Bench unit similar to Tracking Servo Bridge Detector

with minimum height and blank panel.




2. BLOCK DIAGRAM

The generation of a signal slightly offset from another
over a wide frequency range becomes a challenging job when stringent
demands are placed on the spectral purity of the offset output. The
approach taken in this design, based on the results of a study of

(1)

several alternatives in 1974 , first generates a crude offset signal
by phasing type single sideband (SSB) techniques and then uses a phase
locked loop as a filter to achieve the required spectral purity. A
basic block diagram of the method is shown in Figure 2.1.

Generation of the SSB offset reference signal is done at
half-frequency in order to reduce the spurious generator component
on the LO output and to permit the use of digital techniques for RF
quadrature generation.

The LO output comes from one of twelve band switched voltage
controlled oscillators (VCO's) which is phase locked to the offset
reference. 1In order for the lock loop to serve as an effective filter

to remove spurious output components several requirements must be met:

(@8] Modulation of the VCO via the varactor control line must be
reduced by a loop filter.

(2) Modulation of the VCO via reverse transmission from the VCO
input to the phase detector must be reduced by an isolation
amplifier.

(3) Coupling via power supply lines must Be reduced by effective
filtration.

(4) Coupling via radiation must be reduced by effective shield

enclosures.

A more complete block diagram of the Offset LO unit is shown
in Figure 2.2. There are three separately enclosed modules: (1) VCO
(2) Lock-Loop and (3) Low Pass Filter.

(1) Riley, William J., "Design Study For A Frequency Offset Generator'",
Final Report on ECOM Contract No. DAABO7-74-C-010,
General Radio Company, Bolton, Mass., 24 August 1974




OFFSET LO BASIC BLOCK DIAGRAM
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Block Diagram (continued)

The VCO module contains five sections, four VCO boards, each

holding three VCO's and one Output Amplifier board.

(1)

(2)

(3)

(4)
(5)

The Lock-Loop module also contains five sections. These are:
The Offset Source board which generates the 40 kHz half-
offset signal.

The SSB Processor board which accepts generator and offset
inputs to produce the reference signal for the lock loop.

The Isolation Amplifier board which provides a VCO sample
for the lock loop.

A Phase-Frequency Detector board.

A Loop Filter board.

The Low Pass Filter module is a single section which contains

six switched filters necessary for proper lock loop operation on the

lower frequency ranges.

The individual sections are described in more detail in the

following pages.




CIRCUIT DESCRIPTION

Voltage Controlled Oscillators

The LO output signal is generated by a series of twelve
voltage controlled oscillators (VCO's) which cover the frequency
range between 0.8 and 220 MHz. Each VCO has a tuning ratio of
about 1.85:1 and adjacent ranges have at least 107 overlap. The
exact frequency ranges are part of the specifications for the
Tracking Servo Bridge Detector. The VCO's are packaged on four
etched circuit boards, each containing three VCO's and one
associated summing amplifier.

The same basic VCO circuit is used for the nine highest
frequency ranges and is shown in Figure 3.1.1.

The circuit is a grounded base amplifier with positive feed-
back from collector to emitter. The impedance step down in the
feedback path, a necessary condition for oscillation, is accomplished
by tapping off at the junction of the two series-connected tuning
varactors. Alternate methods, such as link coupling, an inductive
tap or a separate capaciﬁive divider are less satisftactory at high
frequencies where leakage reactance is troublesome and additional
shunt capacitance limits the tuning range.

A series of hyper-abrupt tuning varactors are used which
can achieve tuning ratios well over 2:1. 1In practice the varactor
voltage range is restricted to limit the frequency range to only
slightly more than the already overlapping nominal ranges to
avoid extreme changes in the slope of the varactor tuning
characteristic. A series of powdered iron toroidal cores are
used as tank coils.

Low harmonic distortion is obtained without impractical low
pass filters by the use of an automatic gain control (AGC) loop
which senses the LO output level and varies the oscillator loop
gain by means of a PIN diode attenuator network.

The three low frequency VCO's have the basic circuit configura-
tion shown in Figure 3.1.2. They differ from the other VCO's only
in that the feedback is taken from a tap in the tank coil. This
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Voltage Controlled Oscillators (continued)

configuration is better at the lower frequencies where leakage
reactance is not a problem, but the RC low pass network caused by
large coupling capacitors on the varactor control line would add
excessive phase lag which would make the lock loop stabilization
more difficult.

The wide overall frequency range ( © 300:1) and corresponding
change in varactor tuning sensitivity has a great impact on the
lock loop, of course. A passive compensation network is associated
with each VCO to permit lock loop servo stability and will be
discussed in detail in Section 3.8.

The varactor tuning characteristic is also compensated for
by a nonlinear loop amplifier as discussed in detail in Section 3.8.

Each of the four VCO boards also has a grounded base summing
amplifier which combines the three VCO outputs, only one of which
can be active, into a single output.

VCO switching is accomplished simply by applying -22V only
to the desired oscillator. A diode network also applies power
to the corresponding summing amplifier.

The circuit schematic for the four complete VCC sections

is shown in Figure 3.1.3.
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OQutput Amplifier

It is the function of the Output Amplifier section to accept
the signal from the selected VCO and provide a +10 dBm LO output
for the Tracking Servo Bridge Detector. An additional output at
-10 dBm provides the VCO sample signal for the lock loop.

Figure 3.2 shows the circuit schematic for this section. A
grounded base summing amplifier combines the outputs from the
four VCO sections (only one of which is active) and drives a
cascode output stage. A diode detector samples the main output,
producing a dc voltage which is compared with a reference level by
an operational amplifier. This device provides an output which
drives a PIN diode attenuator in the VCO circuit, maintaining a
constant output level and reducing harmonic distortion.

The Output Amplifier section is powered by a diode network

from the active VCO section.
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3.3

Isolation Amplifier

The Isolation Amplifier section provides a signal at fL0/2
to the Phase-Frequency Detector section which serves as a sample
of the VCO for the lock loop. Since the lock loop operates at
half frequency, this section must contain a binary divider. It
is also necessary that there be sufficient reverse isolation from
the @-F Detector into the VCO so that the effectiveness of the
lock loop as a filter will not be limited by the presence signals

(such as f n) via this path.

Figur2e3.3 shows the circuit schematic of the Isolation
amplifier section. A cascode amplifier, a configuration having
high reverse isolation, accepts the -10 dBm VCO sample signal
and drives a Schmitt Trigger which provides an ECL waveform for
the binary divider. This section uses both the -22V and -5.2V

supplies.

oS
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Of fset Source

Generation of the 40 kHz offset signal begins with a crystal
oscillator at 1280 kHz. After division by 32 the resulting 40 kHz
square wave is applied to a quadrature bandpass filter to produce
the required sine wave signals with 90’ phase difference. Low
harmonic distortion is necessary to reduce spurious components on
the LO output.

Figure 3.4 shows the circuit schematic of the Offset Source
Section. The quadrature bandpass filter consists of three op
amps. Two are integrators and the third is an inverter. Without
the 100 K2 resistors across the integrating capacitors the circuit
would oscillate at a frequency where the loop gain is unity. The
loop phase shift would always be 180° through the two integrators
and 360° overall. The frequency of oscillation would be set by
the loop amplitude condition via a variable resistor.

When the 100 K2 resistors are added to the integrators they
can no longer produce a full 180° phase shift and the loop can no
longer oscillate. The circuit becomes an active filter with a Q
factor set by the integrator feedback resistors. The 100 K2
resistors result in a Q around 50. The two outputs are still
very nearly in phase quadrature. Harmonic distortion is at least
40 dB down. The zener diodes across the second integrator limit
the signal amplitude under transient conditions to insure stability.

One of the outputs is adjustable in amplitude to the condition
which results in best suppression of the lower sideband.

An on~board IC voltage regulator provides *15V from the
preregulated *18V input.

The frequency stability of the offset is specified as within
+50 ppm, sufficient to insure lock up of the IF reference oscillator

in the Tracking Servo Bridge Detector.

- 08
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3.5 SSB Processor

Generation of the precise +80 kHz offset required for the
local oscillator signal is accomplished over a greater than 8
octave range by a digital-phasing type SSB processor. Quadrature
signals are produced at both the offset and Gen frequencies and a
pair of mixers generate DSB signals which are summed to produce a
SSBE offset reference signal for the VCO phase lock loop. It is a
relatively simple matter to produce quadrature signals at the
fixed offset frequency, but conventional quadrature hybrids or
other 90’ phase difference networks cannot cover the 275:1 RF
frequency range without switching. The use of digital techniques
provides a wideband approach which is simpler and less costly.

SSB processing is actually done at half-frequency. Not only
does this make practical the digital implementation of the SSB
processor and Phase-Frequency Detector by reducing the maximum
RF frequency to 110 MHz, but also, by changing the offset to
40 kHz, greatly reduces the level of 80 kHz sidebands on the
Offset LO output.

The required half-frequency RF quadrature signals are produced
as shown in Figure 3.5.1. The differential outputs of a high speed
ECL line receiver are used to clock two flip-flops. The flip-flop
outputs are, therefore, half-frequency quadrature signals. The
flip-flops are interconnected so as to always produce the same
relative output phasing.

It was originally intended to extend the use of digital
techniques by using Exclusive-OR gates as balanced mixers as was
done in the demonstration LO unit. It was recognized, however,
that there were potential difficulties with both balance stability
and offset frequency harmonics. 1In particular, spurious sidebands
were produced as mixing products between the desired (f, + £ )/2

Gen offset

and harmonics of f /2 which can lie arbitrarily close to the

offset
desired line and, therefore, cannot be filtered by the lock loop.

S
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SSB Processor (continued)

This problem, as well as the large third order IM levels of the
digital mixers, was solved in the 37 - 85 MHz demonstration unit
by using small amplitude sine wave offset drive signals. That
solution was not only inadequate for the low frequency ranges, but
also compromised carrier balance at the high frequency end, and,
therefore, another configuration was devised.

The single-balanced mixer configuration shown in Figure
3.5.2 was found to give better results. It is extremely simple
and interfaces directly to the ECL devices. A pair of series
connected low offset hot carrier diodes is connected between the
two complementary ECL outputs and the offset sine wave is applied
to the junction of the diodes. The output is, for alternate half-
cycles of the RF, either the offset signal biased at the ECL
reference level or simply the dc level. The output spectrum is a
DSB suppressed carrier signal, plus the offset signal. Figure
3.5.3 shows the spectrum of the DSB mixer output at 0.8, 10 and
220 MHz.

The outputs of the two quadrature paths are summed (actually
differenced) by a hybrid transformer combiner and the offset signal
component is removed by a high pass filter. The resulting SSB
signal is the desired reference signal for the phase lock loop.
Figure 3.5.4 shows the spectrum of the SSB reference signal at
0.8, 10 and 220 MHz.

It is necessary to convert the SSB reference signal into an
ECL waveform for the Phase-Frequency detector and this is
accomplished by an AM685 comparator. Unfortunately, any comparator
or limiter is also effectively a mixer. It is necessary to low
pass filter the SSB reference signal ahead of the comparator to
avoid spurious mixing products.

Serious difficulties can arise from the odd harmonics of
the squarewave RF signal. The spectrum of the SSB signal at the
output of the hybrid combiner is shown in Figure 3.5.5. The
desired component is at (f t+ €), while a strong (3f -€ component
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DSB MIXER SPECTRA FIGURE 3.5.3
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SSB Processor (continued)

exists in the third harmonic region. If any mixing occurs in a
subsequent stage a third order IM term (3f -&€) - 2 (f +&) =

(f - 3€) is generated. Such mixing inevitably does occur in the
comparator whichconverts the low level reference signal into an
ECL waveform. Similar terms occur due to higher odd order RF
harmonics. The spectrum around (f +€) will contain many rather
strong * N& "pickets'" which can cause enough phase jitter on the
ECL reference signal that the loop cannot lock.

The desired component of the loop reference signal need
only be about 10 dB stronger than any one other to obtain lock.
Once in lock, the LO output spectrum is pure by virtue of careful
shielding, isolation and loop filtration. However, the comparator
output spectrum will contain several * Ng& components only about
10 dB down at the low frequency end of the range if the SSB signal
is fed directly into the comparator.

The only effective solution to this problem is a low pass
filter ahead of the comparator. The SSB reference signal is,
therefore, routed to the Low Pass Filter Section before reaching
the comparator on the six lowest frequency ranges.

The importance of the low pass filtration is illustrated in
Figure 3.5.6 through 3.5.8 which show the effect of various low
pass filters on the comparator input and output signals. A
generator frequency of 3.0 MHz is shown which results in a 1540 kHz
SSB reference signal and normal operation on the 2-3.7 MHz range
with a nominal 2 MHz LPF cut-off frequency. As successively higher
cut-off filters are used the signal waveforms and spectra deteriorate
and proper loop lock becomes impossible.

It was found necessary to amplify the offset reference signal
ahead of the comparator. The output of the DSB mixers is limited
by IM product generation. The SSB reference signal is efficiently
summed by the hybrid transformer, but is attenuated by nearly 10 dB
in the more complex low frequency LP filters and associated diode
swiftching. Furthermore, it was found desirable to introduce a

congiderable amount of hysteresis (100 mV p-p) in the reference
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3.5

SSB Processor (continued)

comparator. Consequently, an amplifier with about X 4 gain was
added ahead of the comparator. This circuit is shown in Figure
3.5.9, and is straight forward except for the PIN diode switched
100 pF capacitor at the amplifier output. This serves to restrict
the bandwidth for the low frequency ranges, reducing pulsed
noise pickup at the comparator input.

The schematic diagram of the complete SSB processor is

shown in Figure 3.5.10.
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Low_Pass Filters

A bank of six low pass ftilters is necessary to avoid exces-
sive spurious generation in the reference signal comparator. The
filters are switche together with the VCO's for the lowest six
frequency ranges. No filters are required for the highest six
frequency ranges.

The filters must pass the highest possible reference frequency
within each range while attenuating the lowest possible third
harmonic component. A sensible choice for cut-off frequency is the
lower generator Input frequency limit for each range.

Three section filters are used between 0.8 - 3.7 MHz where
harmonic attenuation requirements are most severe. Two section
filters are used between 3.2 13 MHz. All filters are 2 db
ripple Chebychev designs at a 50 impedance level. The LPF attenua-
tion characteristics are shown in Figure 3.6.1

Filter switching is done with inexpensive PIN diodes. The
number of expensive feedthru capacitors is minimized by encoding
the range data on four lines (which also carry dc power into the
module). A diode matrix encodes the range data outside the module
while a standard TTL decoder/driver 'is used inside. The encoding
of range information was decided upon at a time when nine low pass
filters were used. Three filters have now been proven unnecessary
and direct range switching will be reconsidered for the next
design iteration.

The basic filter switching arrangement is shown in Figure 3.6,2.
The SSB reference signal from the high pass filter can be routed
inside the SSB Processor section directly to the reference signal
amplifier or to the LPF module and through one of the low pass
filters before returning to the amplifier. The circuit provides
reverse bias on the "off'" PIN diodes and a forward current of about
5 mA through the "on'" diodes.

A complete schematic of the Low Pass Filter Section is shown

in Figure 3.6.3.
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Phase-Frequency Detector

The primary function of this circuit is to compare the phases
of the SSB reference and VCO sample signals, providing an error
signal for the phase-lock loop. Secondary functions are to provide
loop gain, to detect an unlocked condition and to provide frequency
discriminator action to permit lockup. The latter function is very
important in a loop of this type where a wide range VCO is to be
locked with a narrow loop bandwidth.

The basic phase-frequency detector logic used is shown in
Figure 3.7.1. 1t consists of two set-reset latches (each imple-
mented with two 2-input positive NAND gates) and another gate which
is used as a reset generator The operation of the circuit is
as follows:

The first input pulse to arrive sets its corresponding latch.
The circuit will remain in this state until a pulse arrives at
the other input (whether or not additional pulses arrive at the
first input). The pulse at the other input first sets that latch
and then the reset gate immediately resets both latches. Thus,

the circuit will produce the following outputs:

s R The Q, output will be a variable duty ratio

1
pulse train, varying from approximately O to
1007 at the rate f = fl - fz.
will be low except for the duration of the

The Q2 output

narrow input pulse.

f2 > f] The Q1 and Q2 outputs will be the reverse of that
described above.
fl = f2 One or the two outputs will be low except for the

duration of the narrow input pulse.
The other output will be a certain fixed duty
ratio which is dependent on the phase relation

of the two input signals.
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Phase-Frequency Detector (continued)

In use in a phase-lock loop with high dc gain, this phase
detector will operate at a nominal 0° phase relation. Both
outputs will be low except for identical positive pulses during
the duration of the (coincident) input pulses. The output, which
is taken differentially, is the nearly-zero signal determined by
the static error coefficient set by the dc loop gain. Since
both outputs are identical it becomes immaterial from which
direction the loop approached lock. But before lock, when fl # f2’
an error signal is produced which forces the loop toward the

condition f1 = f2 and ﬁl = 62.

Various implementations of this basic @-F detector logic are
available in integrated circuit form, but none has sufficient
frequency range (110 MHz) for this application. It was found
necessary to use subnanosecond ECL devices to insure proper
operation. A Fairchild F100102 quint 2-input gate used in the
configuration of Figure 3./.1 has considerable margin above
110 MHz.

This #-F detector requires that the inpucs be zhort positive
pulses which are generated by the arrangement shown in Figure
3.7.2. The output pulse duration is determined by the propagation
delay of the first gate plus the RC time constant.

The phase-frequency detector produces coincident output pulses
only under locked conditions. This is the operating principle of
the unlock-alarm circuit shown in Figure 3.7.3.

The coincidence of the detector pulses is sensed by the
exclusive-nor logic function which has an output that is high
when the loop is locked and a variable duty ratio pulse train when
the loop is unlocked. The resulting change in dc voitage is
detected by a comparator which drives the unlock-alarm light. The

unlock alarm will warn of any of the following conditions:

1. No reference signal.
2. No oscillator signal.

3. Reference signal outside lock range of oscillator.
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3.7

Phase~-Frequency Detector (continued)

4. AC on lock loop for any reason.

5. Failure of the VCO, Output Amplifier, Isolation
Amplifier, Offset Source, SSB Processor or Loop
Amplifier.

6. Loss of -5.2, -18 or +18V supplies.

7. Most failures of Phase-Frequency Detector.

Loss of the -22V supply, while not indicated by the alarm,
will result in no LO output, thus no wrong output. The alarm
circuit itself can be checked by simply switching to an improper
frequency range and observing that the alarm light comes on.

The error voltage for the phase lock loop is produced by an
operational amplifier which accepts the differential signals from
the #-F Detector. This amplifier has several passive networks
associated with it that provide pulse filtering, dc translation and
ac gain shaping. A detailed discussion of the lock loop design
is given in the next report section.

An important factor in the application of this type of digital
Phase-Frequency detector is its sensitivity to phase discontinuities
of the input signals. The circuit is tolerant of continuous phase
jitter on the input signals, with a deviation of up to a consider-
able fraction of a carrier period, but will interpret a sudden
phase ''glitch' as a frequency error which will drive the detector
against the stop. Loop filtration will not materially smooth such
a disturbance of the broadband Phase-Frequency detector itself.

It is especially important in this application to avoid any quasi-
coherent pulsed noise pickup which can drift through the reference
comparator threshold, causing a sudden phase discontinuity which
can seriously perturb the lock loop.

The schematic diagram of the complete @-F Detector circuit

is shown in Figure 3.7.4.
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3.8

Loop Filter

The frequency response of the VCO lock loop must be rather
carefully shaped to produce a satisfactory LO signal output. The
loop bandwidth must be wide enough to insure a low noise level
near the carrier and to provide adequate response speed for lock up
and sweeping. But the loop must also serve as an effective filter
for spurious sidebands at 40 and 80 kHz. Furthermore, the LO
spectrum should be free from pronounced "bumping up' of noise
sidebands at the loop natural frequency. These constraints
require careful control of the phase and magnitude of the open-
loop gain.

An analysis of the lock loop is shown in Figure 3.8.1. The

loop elements are:

(1) The ECL @-F Detector with a transfer function
K0 = 0.2 volts/radian.

(2) The Main Loop Amplifier with a midband transfer

function 2.5 volts/volt.

(3) The Cauer Loop Filter with a null at 40 kHz.

(4) The Varactor Lineariging Amplifier and Voltage Limiting

Network.
(5) The Lead-Lag Compensation Network associated with each
VCo.

The main objective in the loop design is to obtain both a
steep increase in gain below the unity gain frequency and a steep
decrease in gain above the unity gain frequency while insuring a
stable servosystem. A nominal 5 kHz unity gain frequency is
chosen as a compromise between the 2 kHz detector IF bandwidth
(where loop gain is desired) and the 40 kHz offset frequency (where
loop attenuation is desired). The Main Loop Amplifier and VCO
Ccmpensation Network each have downbreaks at 1 kHz which contribute
around 10" phase lag at 5 kHz. The VCO varactor feed circuits have

30 kHz downbreaks which also contribute around 10° phase lag at 5 kHz.
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3.8

Loop Filter (continued)

The intrinsic VCO integration contributes 90 phase lag, bringing
the total to 120°. 1f a phase margin of 25° is desired for the
overall system, the Loop Filter may contribute 35" at 5 kHz.

A Cauer (Elliptic) Low Pass Filter was chosen as best suited
for this application. The design has a 18.2 kHz cut-off frequency,
a null at 40 kHz and a minimum stop band attenuation of 35 dB.

Such careful loop shaping would be futile if applied directly
to a varactor tuned VCO which exhibits the typical 5:1 tuning slope
variation over the control voltage range. These variations are

reduced by restricting the applied voltage to avoid unnecessary
overrange and by a non-linear dc amplifier which provides a 4-
segment approximation to compensate for the varactor characteristic.
The varactor characteristics are shown in Figure 3.8.2, and the
linearizing amplifier in Figure 3.8.3. These circuits are packaged
on the Loop Filter Module shown in Figure 3.8.4.

Extensive tests were made on the dynamic behavior of the

lock loop for each of the twelve VCO's. The loop can become unstable
for either high or low gain conditions as evidenced by excessive
ringing of the control voltage to step changes in frequency and

by a "bumping up' of the noise sidebands on either side of the
output frequency. The low gain condition is particularly
undesirable because it results in a low natural frequency of the loop,
longer transient settling time, poor VCO noise reduction and
pronounced '"bumping up' of noise sidebands close to the carrier.

The series resistor (Rl) of the VCO Compensation Network was
adjusted during these tests (during which a direct lock was made

to the reference input without offset) for each VCO.

Typical results obtained in these tests are shown in Figure
3.8.5. The 4.0 and 5.0 MHz transient response and spectra represent
the extreme conditions of a high (4.0 MHz) and low (5.0 MHz) gain
loop. A comparison between the spectra shows slight noise bumping
at *4 kHz vs more pronounced noise bumping at *2 kHz. A comparison

between the transient responses shows a relatively fast, ringing

response vs one that is slower and more sluggish.




Varactor Characteristic

Typical Capacitance vs. Tuning Voltage (T = 25°C)

1000
800

DIODE CAPACITANCE, Cy (p)

~

] 4 6 0 20 30
REVERSE VOLTAGE Vg (Veac)

FIGURE 3.8.2




Varactor Linearizing Amplifier

Iransfer Characteristic

Horizontal Scale:

Vertical Scale:

FIGURE 3.8.3
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V 1l volt/div

in
-8.5 volt center

2 volts/div
out

-9.5 volt center
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3.8 Loop Filter (continued)
Figures 3.8.6 through 3.8.9 show typical results over the

entire frequency range. It is believed that the loop design achieves

near-optimum performance for this application.
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LO OUTPUT SPECTRUM

1 kHz/div. horiz.
10 dB/div vert.
REBW 100 BW 100 HZ

TR
EEENZLREN
N ER

GEN INPUT SPECTRUM

(Same scale factors
as above)

LOCK LOOP TRANSIENT
RESPONSE

500 psec/div horiz.
100 mV/div vert.
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FIGURE 3.8.7

€11 ) 1 0) LOOP RESPONST

LU OUTPUT SPECTRUM

I KHz/div horiz.
10 dB/div. vert.
RF BW 100 Hz

Video BW 100 Hz

GEN INPUT SPECTRUM

(Same scale factors
as above)

LOCK LOOP TRANSIENT
RESPONSE

500 usec/div. horiz,
200 mV/div. vert.
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FIGURE 3.8.8

LO OUTPUT SPECTRUM

2 KHz/div horiz.
10 dB/div. vert.
RF BW 300 Hz
Video BW 100 Hz

g an =t SLEUE S
|

s S S
|

GEN INPUT SPECTRUM

(Same scale factors
as above)

" LOCK LOOP TRANSIENT
RESPONSE

500 psec/div horiz.
100 mV/div vert.




FIGURE 3.8.9

220 MHz (125-220 MHz VCO) LOOP RESPONSE

LO OQUTPUT SPECTRUM

2 kHz/div horiz.
10 dB.div. vert.
RF BW 300 Hz

Video BW 100 Hz

GEN INPUT SPECTRUM

(Same scale factors
as above)

LOCK LOOP TRANSIENT
RESPONSE

500 psec/div horiz.
200 mV/div vert.
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4. MECHANICAL PACKAGING

The most important packaging consideration for the Offset
LO is a circuit housing which provides extremely effective electrical
shielding. A solid housing with RFI gasketing, high performance
feedthru filters for all power leads and SMA connectors with solid
jacketed coaxial cable for all signal leads was proven mandatory during
the preliminary design study which preceded this work.

The Offset LO consists of three modules. The VCO and Lock-
Loop Modules each contain five sections (3.8" x 1.8" etched circuit
boards) and are identical except for power and signal leads. The
smaller Low Pass Filter Module contains a single section. All module
housings are machined from solid brass stock and silver plated. Top
and bottom covers of the same material compress RFI gaskets set in
grooves which shield each section separately. The module housings are
shown in Figures 4.1 through 4.3,

The overall mechanical design consists of a skeleton frame
which supports the three module housings in a 1-3/4'" high unit with a
blank front panel and depth compatible with the Tracking Servo Bridge
Detector. The unit weighs 23 pounds including the outer cover.

The Offset LO is designed to meet all environmental conditions
specified for the Tracking Servo Bridge Detector. Vibration tests were
made during mechanical design to verify the strength and rigidity of
the package. All metal surfaces have a corrosion resistant finish.

Input and output signals are brought to SMA connectors on
the rear panel, which also holds a 24 pin Amphenol connector for power

and control leads.
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5. TEST RESULTS

A total of three Offset LO units have been built and tested.
All units have performed satisfactorily and it is believed that a
viable design has been achieved. This report section will describe
the results of these tests.

The lock ranges for each unit are shown in Figures 5.1
through 5.3. The ranges are deliberately restricted from exceeding
the nominal amounts in order to avoid large changes in tuning
sensitivity and consequently better loop stability. The nominal
ranges are arranged to have considerable overlap and further overlap
is of no particular advantage. All units have comfortable lock
margins at both frequency extremes. There are a few places where
the actual tuning range is not properly centered, but can be corrected
simply by adjusting the VCO tank inductor. Adequate overlap was
still available, however. The only real question related to the VCO
design is a tendency toward "squegging' on some of the LF ranges
under certain load conditions. This problem is caused by RF parasitic
oscillations and while the present units seem satisfactory, further
work may be required.

The low frequency VCO's use high capacitance hyperabrupt
tuning varactors which have shallow, large area junctions and are
subject to "popcorn" noise caused by surface defects. The noise can
be observed both on the oscillator RF spectrum and as fluctuations in
diode reverse leakage current. A test procedure based on dc leakage
current is necessary to screen out bad devices.

One unit (S/N 1) showed some lockup difficulties above 200 MHz,
a problem attributed to slightly poorer carrier suppression in the SSB
reference signal. It was occasionally necessary to rotate the bandswitch
out of and back into the upper range to get lockup, but once locked
there were no problems. This difficulty may also require further work.

The only other problem area was short bursts of unlocking at
certain generator frequencies on the lowest ranges. This was traced to

the pickup of quasi-coherent pulsed noise by the reference comparator.
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5. Test Results (continued)

The problem was temporarily solved by bandwidth reduction, but an improved
board layout should offer an even better cure.

The single most important requirement of the Offset LO, that
of low generator frequency leakage, appears to be met without difficulty.
The results of leakage measurements using the Offset LO with a Tracking
Servo Bridge Detector are shown in Figures 5.4 through 5.6. No leakage
was observed that could be directly attributed to the Offset LO. The
results for S/N 2, which showed no detectable leakage at 220 MHz, give
a calculated relative generator component level on the LO output of
better than 110 dB down.

No really accurate direct measurement of the generator leakage
level has been made, but the important thing is that the desired result
has been obtained: the LO leakage does not limit the performance of
the detector.

At certain low frequencies there occurs spurious harmonic
intermodulation components which are unfilterable by the lock loop.
Measurements of these spurious levels are shown in Figures 5.7 through
5.9. They are believed to be of no real concern. These spurs cannot,
by themselves, cause a spurious receiver response and their contribution
to the receiver noise figure is completely negligible.

Other RF parameters of the LO units are shown in Figure 5.10
through 5.12. The input sensitivity is adequate and input level changes
have no effect on the output signal.

The LO output properly drives the detector. The harmonic
distortion of the LO output increases at the low frequency end, but
does not cause any problems in the detector.

The power consumption of the Offset LO is within the limits
provided by the Tracking Servo Bridge Detector except for the -5.2V
supply curcent which exceeds the 0.7A spec by about 0.15A. It will be
necessary to make a simple modification in the existing detectors to
increase the current limit value on this supply. A modification kit
for this purpose has already been supplied to ECOM. Power consumption
charts are shown in Figures 5.13 through 5.15. The total ac input power
to the TSBD/OSLO is about 55 Watts at 110 Vac line.
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