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SECTION V

BREADBOARD IMPLEMENTATION

A. DESCRIPTION |

This section contains descriptions of the components which make up the
CAS and PWI interrogators and the transponder equipment. The components
consist of coders, decoders, and computers. Six sections are included, each one
corresponding to a particular system component. The operation of the coding
and decoding units is described with the aid of detailed block diagrams (figure 5-1
thru 5-4) where the blocks represent standard video and logic circuits. The
operation of the comput.:; units is described with the aid of signal schematics
(figures 5-5 and 5-6) considered more appropriate for describing the flow of
analog data. These block diagrams and signal schematics are contained at the
end of this volume. They are followed by other interconnection information in
the form of

- interconnection diagrams for the coders and decoders (figures 5-7
through 5-10)

- power schematics and schematics of chassis-mounted transformers
for the computing units, which have self-contained power supplies
(figures 5-11 through 5-15).

Following the interconnection information are schematic diagrams of the
components which comprise these major units (figures 5-16 through 5-62).
Component diagrams are identified by the same titles and numeric or alpha-
numeric designations employed in the block diagrams and signal schematics to
aid in identification. Following the component schematics are schematics of
multiple-use elements, saturated flip-flop and chopper stabilized d-c operational
amplifiers (figures 5-63 and 5-64).

1. Interrogator Encoder

The basic system repetition rate of 200 cps is generated by an astable
multivibrator driving a bistable multivibrator (see figure 5-1).

The gate generated by the bistable multivibrator is used as a system
sampling gate. Its duration is one-half of the period between cycles or 2.5
milliseconds.



i

The gate is also differentiated to form positive and negative spikes at
leading and trailing edges, respectively,

The control coder employs a delay line with taps corresponding to
desired time delay spacings between pulses 1 and 2 and pulses 2 and 3, Delay
between pulse no. 1 and pulse no. 2 is 12 microseconds. A delayed pulse
(pulse no. 2) is amplified and shaped and coupled to the mixer-amplifier. The '
delay between pulse no. 2 and pulse no. 3 is determined by the coarse altitude =
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The 8, 10, 12 and 20-microsecond delayed pulses are compared with
the undelayed video pulses in the rclative altitude decoder. If coincidence occurs
in any of these three AND gates, a pulse appears at the corresponding output
terminals. This reply trigger pulse is generated to start the velocity decoding,

and complete the ranging measurements.

) In the velocity polarity decoder the four: and six-microsecond delayed
pulses are compared with the‘recé‘ive.d video signal. In addition, gates are
applied to sepa'rate the north and east pofarit'y sighals from each other, and to
blank improper decoding of north or east components near or at zero magnitude.
When video coincidence occurs between the four- or six-microsecond delayed
signal and the undelayed video, an output puise 1s generated provided that the
appropriate north or east velocity gate is also present. The velocity polarity
pulses are then coupled to the computer and to the north and east velocity

decoders.

The north velocity decoder accepts a reply trigger pulse to start a
linear velocity voltage sweep., The sweep is terminated when a north/south
velocity polarity signal is received which resets the velocity gate generator.
The sweep is also inverted, and both positive and negative sweep voltages are
stored and peak detected to provide a bipolar north velocity voltage on two wires
which is maintained until reset by the next range trigger pulse.

The east velocity decoder is identical to the north velocity decoder
except that it is triggered on by the north/south velocity polarity signal and off
by the east-west velocity polarity signal,

A sampling gate generator is also in the pulse selector. A flip-flop is
triggered on by the east/west velocity polarity signal of a received pulse train;
the off trigger is the next following interrogation pulse no. 1. Thus, when a
correctly coded reply signal is received, a long gate is generated which is used
to accept the main gate signal for use as a sampling gate in the computer. If no
correctly coded reply signal is received no sampling gate is sent to the computer.

The range blanking signal is applied to the relative altitude decoder,
velocity scale decoder, and the velocity polarity decoder.

The range measurement circuits consist of a range sweep generator,
a blanking sweep generator, and a blanking logic circuit.

The range trigger pulse starts the voltage sweep of the range sweep
generator, This sweep is stopped by a reset pulse from the blanking logic unit.
The peak voltage reached by the sweep is stored in the voltage storage circuit
and coupled to the computer as a range voltage. The voltage storage circuit is
reset by the next following range trigger. A range gate is extracted from the gate
generator to gate the relative altitude decoder and velocity scale decoder to
accept only reply signals from transponders within a predetermined range.
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The range trigger pulse also starts the blanking. sweep generator
voltage sweep which continues until reset by either the gated video (third pulse
of a non-threatening transponder) or the coincfdencg trigger pulse. The peak
voltage reached by this sweep is stored and applied to the comparator of the range
sweep generator. By means of the zero.set adjustments the blanking sweep
generator voltage output is caused to produce a pulse output from the range
sweep generator which precedes the coincidence triggé; of the next cycle by a
small time interval. This pulse is used for range blanking.

The blanking logic unit accepts the range trigger pulse and generates
a monostable gate having a time duration equivalent to the range of the interroga-
tor system. The gate is differentiated to produce a pulse at its trailing edge.
This pulse is combined with the reply trigger pulse in an OR gate, such that the
earlier of the two pulses resets the range sweep generator gate.

The gated video (third pulse of a non-thrcatening transponder) also starts
a monostable gate generator which sets another monostable gate generator. The
second gate generator output is coupled to an AND gate to inhibit the blanking
sweep storage reset pulse. The duration of the sum of the two gates is slightly
longer than one system cycle. A blanking gate frcm the computer, indicating
that the earliest coincidence trigger is from a non-threatening aircraft and should
be blanked also starts the second gate generator. Therefore, if a blanking gate
is present or if the reply trigger is inhibited, then the range trigger is prevented
from resetting the blanking sweep storage by means of an AND gate.

The storage reset inhibiting gate is also used to accept the range blanking
pulse generated by the range sweep generator, passing through a monostable gate
generator and thence to an AND gate. The resultant signal is the range blanking
signal.

3. Transponder Encoder

The transponder encoder is driven by the reply trigger and modulates
the transmit trigger and suppressor output signal with information concerning
the vector velocity of the transponder aircraft. A block diagram of the trans-
ponder encoder is shown in figure 5-3.

The reply trigger is coupled into the delay selector of the transponder
encoder where it drives a delay line. The following three pulses are tapped
from this delay line:

- pulse no. 1 is chosen according to the velocity scale factor and is
placed in a fixed time prior to pulse no. 3.

- pulse no. 2 is chosen according to the relative altitude of the
interrogator input signal and is likewise placed in one of three
positions. A climbing signal, if present, selects one position.

If no climbing signal exists, an early trigger, if present, selects
a second position. If neither a climbing signal nor any early
trigger signal is present the third position is chosen.
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- pulse no. 3 is delayed by a fixed time from the reply trigger pulse
and is coupled to the north velocity coder where it triggers a flip-
flop gate gencrator which activates a linear swecep generator.

The voltage sweep of the linear sweep generator is coupled to two
isolation amplifiers which prevent interaction of the pulse generating circuits
with the sweep.

Pulse no, 5 is gencrated from a comparison between the linear sweep
and a voltage proportional to the north velocity component of the aircraft. This
pulse is initiated when the sawtooth sweep voltage exceeds the north velocity
voltage and thus the delay of pulse no. 5 is proportional to the north velocity
of the aircraft.

Pulse no. 4 is generated in a manner similar to pulse no. 5 except that
the sweep signal is clamped to a different voltage level in accordance with the
north polarity input. One of two clamp voltages is selected. Clamping of the
sweep to a preset level provides an artificial sweep starting time and therefore
a different delay period for any given velocity reference voltage. The clamp
voltage selector can be set such that pulse no. 4 precedes pulse no. 5 by either

four or six microseconds.

Pulse no. 5 is coupled to the flip-flop gate generator to reset the circuit
and thus terminate the gate and sweep voltage. It is also coupled to the east
velocity coder which acts in the same manner as the north velocity coder just
described. Pulses no. 6 and 7 are gencrated in this unit in the same way that
pulses 4 and 5 were generated in the north velocity coder.

Pulses 1 through 7 are coupled to the mixer-amplifier and combined
into a single signal consisting of all seven pulses in time sequence. An isolation
amplifier is used to provide a low impedance driving source of the 7-inch train.

Pulse no. 5 is generated from a comparison between the linear sweep
and a voltage proportional to the north velocity component of the aircraft. This
pulse is initiated when the sawtooth sweep voltage exceeds the north velocity
voltage and thus the delay of pulse no. 5 is proportional to the north velocity of
the aircraft.

Pulsc no. 4 is gencrated in a manner similar to pulse no. 5 except that
the sweep signal is clamped to a different voltage level in accordance with the
north polarity input. One of two clamp voltages is selected. Clamping of the
sweep to a preset level provides an artificial sweep starting time and therefore
a different delay period for any given velocity reference voltage. The clamp
voltage selector can be set such that pulse no. 4 precedes pulse no. 5 by either
four or six microseconds.

Pulse no. 5 is coupled to the flip-flop gate generator to reset the circuit
and thus terminate the gate and sweep voltage. It is also coupled to the east
velocity coder which acts in the same manner as the north velocity coder just
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described. Pulses 6 and 7 are generated in this unit in the same way that pulses
4 and 5 were generated in the north velocity coder.

Pulses | through 7 are coupled to the mixer-amplifier and combined into
a single signal consisting of all seven pulses in time sequence. The 7-pulse train
is shaped for use as a suppressor output signal.

The 7-pulse train is also delayed by a 0, 8-microsecond delay line to
provide the specified pretriggering time for the suppressor signal. This output
is the transmit trigger.

4, Transponder Decoder

As shown in the block diagram, figure 5-4, the video pulse train is
applied to the delay selector no. | where the entire signal is delayed by fixed
times of 4, 6, and 8 microseconds. Scparate outputs are provided for each

delay time.

All three of these outputs are applied to the command decoder. Input
no. 8 is compared with the undelayed video signal and if coincidence occurs
between the undelayed video and the 8-microsecond delayed signal an output

pulse is generated.

This coincidence output (coincident with interrogation pulse no. 2) is
routed to the delay selector no. 2 where it is delayed an amount corresponding
to the coarse altitude band of the transponder aircraft, as sclected by the coarse
altitude code wheel of the transponder aircraft. The delayed pulse is amplified,
shaped, and coupled to the band decoder,.

The band decoder unit compares the delayed output signal with the video
pulses to determine if the video signal corresponds to either the selected
altitude band or the band above. Comparison for the sclected altitude band is
performed in an AND gate which produces a low band output trigger pulse. For
the band above the selected band, the delayed input signal is delayed an additional
two microseconds and compared with video in another AND gate to produce a
high band output trigger pulse. Both low band and high band output triggers are
applied to an OR gate to produce the accept trigger signal. Both of these AND
gates are blanked by a signal from the blanking gate generator.

The output trigger from the low band AND gate also triggers a 30-
microsecond monostable multivibrator. A pulse delayed by 20 microseconds
(from the two-pulse delay generator) is compared with this gate in an AND
gate. The output of this AND gate is coupled to an OR gate in addition to the
high band output trigger, to generate a band trigger pulse for triggering the
three-pulse delay generator. With this technique the trigger for the three-
pulse delay generator occurs at the time of the third input video pulse if the input
code corresponds to the higher altitude band, and at 20 microseconds later than
the third input video pulse if the inpul code corresponds to the same altitude band
as that selected by the sensor.
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The two-pulse delay generator is triggered by the accept trigger from
the band decoder. This unit generates two pulses delayed 20 microseconds and
40 microseconds from the accept trigger. The generator is reset by the 40-
microsecond delayed pulse.

The three-pulse delay generator is triggered by the band trigger pulse
and generates three delayed pulses by means of a linear sweep generator. The
altitude vernier control voltage from the altitude sensor is coupled to the ihrece
comparator circuits and controls the time delay of the three pulses. Delay of
the middle pulse is proportional to the altitude vernier voltage. Delay of the
early and late pulses is controlled by the clamp voltages set to obtain the required

guard band.

The vernier decoder contains gating circuits for accepting or rejecting
the altitude vernier pulse signal. An early gate is initiated by the early pulse
and terminated by the middle pulse. An acceptance gate is also started by the
early pulse, but terminated by the late pulse. These gates are coupled to two
AND gates which are also gated by a 20-microsecond video gate. The video
gate is positioned to accept only signals which occur within the altitude vernier
code time interval. The vernier trigger pulse is also applied to the two AND
gates. If coincidence with the acceptance gate occurs, a reply trigger is
generated, and if coincidence with the early gate occurs an early trigger is
generated., If an early trigger is generated, a monostable gate generator is set,
indicating an above state to the transponder encoder. An absence of early
trigger denotes below similarly.

The acceptance and video gates are also applied to an AND gate in the
command decoder to determine if a maneuver command exists., Coincidence of
the fifth interrogation pulse with a fourth pulse delayed six microseconds by
the delay selector no. | in the presence of the acceptance and video gates sets the
maneuver command monostable gate generator.

5. Interrogator Computer

The interrogator computer evaluates collision threats based on decoded
and locally derived data and, if a risk exists, provides the intelligence to
activate the appropriate maneuver display. A signal schematic of the computer
is shown in figure 5-5.

The airspeed of the interrogating aircraft is resolved with respect to
relative antenna bearing in the relative bearing servo. Inputs to the relative
bearing motor amplifier, in addition to the bearing error signal, include:

- a heading error signal from the local transponder heading servo
which cancels high frequency components of aircraft motion, result-
ing in data referenced to the average heading of the aircraft

- a fixed bias to compensate for the steady state velocity lag in the
servo due to the 30-rpm antenna scan speed.
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The decoded components of the transponding aircraft's airspeed are
resolved with respect to antenna magnetic bearing in the magnetic bearing servo,
The polarity of the airspeed components applied to the resolver is sciected in
the polarity control amplifier based on decoded reply data, The heading error
signal from the local transponder is applied to this motor amplifier in reversed
sense to recover the high frequency components, resulting in instantaneous data
with respect to the external reference (magnetic north)., The fixed bias is also
applied as an input here to compensate for steady state velocity lag.

The resolver outputs constitute components of both aircraft's velocities
normal to and parallel to the antenna bearing. The normal and radial components
are summed with proper polarities in the normal velocity and radial velocity
adders, respectively, to yield the corresponding components of the relative
velocity between aircraft. Normal velocity signals are scaled so that the adder
limits velocity samples to about 133 knots. This limit will not effect valid data in
a collision or near collision case, but will minimize the effect of a single large
error in the subsequent averaging process.

The radial component of relative velocity is scaled by a voltage divider
in the range criterion comparator to analogs of the ranges which would be covered
in 27 and 40 seconds. Thesc range analogs are compared with the analog of actual
range to determine the increment in which time-to-go lies. Actual range is also
compared with a fixed 1/3 nautical mile bias to determine whether the minimum
range limit has been violated. The results of these comparisons are the
decisions on time-to-go and minimum range used in the Maneuver Logic.

Successive samples of the normal velocity and the velocity threshold
(45 knots) analogs are summed in the normal velocity and velocity threshold
integrators, respectively, The samples are gated in by the sample gate
controller cach time a complete reply is received, as indicated by the sample
gate signal, The sums are read out and the integrztors reset on leaving a given
target, as indicated by the occurrence of two consecutive misses or a range
change of more than 0.36 nautical miles. The derivation of the reset control
signals is described below.

The sums of the normal velocity samples and the velocity threshold
samples are compared in the normal velocity criterion comparator to evaluate
the collision threat. This comparison is equivalent to comparing the normal
velocity sample closest to the beam center with the velocity threshold, and this
effectively locates the antenna beam centerline. It also has the added advantage
of averaging out errors in the received velocity data. The result of this
comparison is a decision on whether or not a collision threat exists, used in
the Maneuver Logic. The output of the velocity threshold integrator is also
compared with a fixed bias corresponding to more than two samples (about 100
knots). The result of this comparison is used to inhibit collision decision
outputs based on one or two samples only.
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Reset of the velocity integrators is controlled by the flip-flop in the
integrator reset circuits which is set whenever a reply is received for which the
derived time-to-close is less than 40 seconds. This input is inhibited until
120 microseconds after the receipt of the last reply pulse to assure that derived
time-to-close has reached steady state. Reset stimuli are obtained from the
range increment detector and the consecutive reply detector, described below.

The consecutive reply detector contains a relaxation oscillator having
a period of more than two interrogation intervals (more than 10 milliseconds).
Completion of the relaxation cycle produces an integrator reset output. The
oscillator is recycled by each sample gate, thus inhibiting an output unless two
consecutive sample gates are missing.

In the range increment detector, the range derived from the first reply
from an intruder is stored in a range memory. Further inputs to the memory
are inhibited about one millisecond after the receipt of the third reply pulse,
the delay being inherent in the relay which does the switching. The circuit is
reset either by an output from the consecutive reply detector or an output from
the differential amplifiers in the range increment detector, indicating the
receipt of a range sample which differs by more than 0. 36 nautical miles from
the stored sample. Resetting the range increment circuits also produces an

integrator reset output.

The function of the Maneuver Logic is to determine the type of avoidance
maneuver to be made by the interrogator aircraft based on the specified
maneuver rules. These rules are defined in paragraph 8.0 of the interrogator
characteristics. &6 The output of the maneuver logic elements consists of a
pulse appearing on one of six wires indicating one of the six possible maneuvers.
The logic equations, that must be satisfied to provide each of the six outputs

are as follows:
Pyp = 2TV (Q; Q; U + A; Dy)
Iup = 2T*V (Q; Q, U + A; D;)
Raown = 2TV (éi Qt L +A;Cy

Idown = 2T*V (Q; Q; L + A; C;)
Rpold ~ 2T**V (B; C; L + B; D; U + B; Q)
Ihold S ZT**V (Bl Cl U + :B1 Dl Lr)

6Design Study Report - Experimental Evaluation of Compatible PWI/CAS
Interrogator-Transponder Techniques, Volume II, furnished by Sperry
Gyroscope Company to the Federal Aviation Agency under Contract No.

FAA/ARDS-444.
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The symbol definitions for the preceding equations are as follows:

normal velocity criterion satisfied

=H <
" n

27.6 sec <T1<40 sec, where 1= time to closest approach

T = 7 <26.7 sec

T*% = 7 <40 sec R <1 nautical mile
Q = absolute altitude rate is greater than 1350 {t/min
C = climbing
D = descending
U = interrogator is in transponder's upper altitude guard band
L = interrogator is in transponder's lower altitude guard band
R = maneuver

—
1]

immediate maneuver

A = absolute value of altitude rate greater than 1350 ft/min., less
than 3000 ft/min

B = absolute value of altitude rate greater than 3000 {t/min

= read in data to scan memory (computation completed).

NOTE: The suifixt or i affixed to the preceding literal terms
indicates that the logical term applies to the transponder
or to the interrogator respectively.

The logic operations performed in the Maneuver Logic are self-
explanatory upon study of figure 5-5. The only part of the Maneuver Logic
section requiring any amplification is the averaging circuit. The function of
this circuit is to satisfy the requirement that the indicated direction of an up
or down maneuver be based on an instantaneous average of the decoded relative
altitude data. A second function is to inhibit a transponder climbing or descend-
ing conclusion unless two or more samples of this code have been received.

The method used is to provide an up-down counter (add-subtract) to derive the
instantaneous average and a counter of two (with suitable gating logic) to provide
recognition of the presence of two or more transponder climbing or descending

codes,

The scan memory provides the following functions:

- inhibits warnings unless collision decisions are made on two

successive scans

- serves as a ''data hold" to provide a continuous rather than
intermittent display.

5-10




Each command channel (up, down, or hold) of the memory is identical
and consists of a shift register which is advanced once each scan by shift pulses
from the antenna switch. A command is indicated if both of the last two stages
are in the set condition. If any input on a scan has an immediate label, a
monostable multivibrator with a period of 1.5 seconds is also triggered. Its
output is gated out as an "immediate" indication concurrently with the maneuver
command. Because the multivibrator period is shorter than the scan cycle, an
intermittent ""immediate" indication is produced.

6. Transponder Computer

The transponder computer converts heading, altitude, and altitude rate
data to a form suitable for coding and decoding and contains the logic necessary
to provide the intelligence for the limited transponder maneuver display. A
signal schematic is shown in figure 5-6.

The heading servo resolves the transponding aircraft's airspeed into
north and east components and contains a quadrant switch to produce binary data
on their polarities. A lag network has been included in the error sensor to make
the servo an effective low-pass filter, resulting in a shaft position proportional
to the average heading. The control transformer output voltage, however, will
contain the high-frequency variation. This signal is used in the relative bearing
servo (in the interrogator cecllision computer) to cancel the high frequency
component of train angle. The limiting diode in the generator feedback circuit
is used to allow faster slewing than would be otherwise possible for large errors
in heading. This feature permits quicker recovery from the effects of turns.

The Transponder Maneuver Logic contains the logic elements necessary
to determine the type of maneuver (hold or immediate hold), the data holds
necessary to provide continuous displays, and provisions to establish precedence
for "immediate'' commands. The operation of the basic logic elements is self-
explanatory. Data holds consist of flip-flops which are set by the commands
and reset by relaxation oscillators having periods in excess of the antenna scan
period, Each received command recycles the relaxation oscillators, thus
inhibiting reset signals as long as maneuver commands continue to be received.
A set condition of the "immediate' data hold inhibits further set inputs to the
normal data hold, achieving the precedence function.

B. SUGGESTED MODIFICATIONS

In the course of the evaluation program. circuit modifications suggested
themselves. These modifications have the potential of improving system perform-
ance or of achieving satisfactory performance more economically. Because of
the experimental nature of the program, these changes were not implemented or
even explored in detail. However, the nature of these suggested changes is given
for completeness.




In general, an effort devoted to defining the simplest circuit to
accomplish the present functions would be beneficial, For instance, the number
of elements employed in logic circuits could generally be reduced, by re-
arrangement. A net gain might also be realized by sharing elements, such as
delay lines, between functions. No effort has been devoted to such simplification
beyond that intuitively done in normal engineering practices.

The sonic delay lines and associated circuits employed for encoding
and, in some cases, for decoding are marginal in performance for the applica-

The primary deficiencies are limited bandwidth, high reflection levels,

tion.
Improved reliability could be

and excessive pulse generator recovery times.
achieved by substituting electromagnetic delay lines. This substitution would

also facilitate the sharing of elements.

The linearity of the linear sweep circuits and associated memory
circuits, where employed, could be improved. The most obvious approach is
to employ an operational amplifier as an integrator, as in the interrogator
computer. Such an integrator could serve as both the sweep generator and
memory, where required. An alternate approach would be to employ digital
techniques, by counting clock pulses and converting the count to an analog
output. The counter could also double as a memory where required.
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