Keyer construction allows circuit boards to be folded down for repair as shown. At
right is closeup of construction details

electronics

engineering issue

SEPTEMBER 12, 1958

Transistors Ruggedize
Airborne Telemetry Keyer

High linearity, low crosstalk and jitter and high effective input impedance

are provided by a transistor pulse-duration-modulation keyer. Circuit in-

cludes bistable flip-flop, linear ramp generator and voltage comparator. Out-

put pulse widths vary as the signal amplitude

By D. A. WILLIAMS, Jr., Bendix Aviation Corp., Pacific Division, North Hollywood, California

IRBORNE PULSE-duration-modu-

lation telemetry systems are
ideally suited to transistor circuits.
A pdm keyer can be designed to
exploit fully the switching proper-
ties of transistors. For this reason,
development of a transistor keyer
to meet military pdm specifications
was undertaken. The primary ob-
jectives: high linearity, low cross-
talk and jitter, and a high effective
input impedance.

A bistable flip-flop, linear ramp
generator and voltage comparator
are used in a circuit which produces
output pulses with widths propor-
tional to signal voltages. Signals are
sampled at the rate of 900/sec by
either mechanical or electronic com-
mutation. Use of printed circuits
and silicon transistors insures re-
liability and long life over the ex-
treme environmental range en-
countered in flight test of guided
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missiles and high performance air-
craft.

Input Impedance

In a system such as the one de-
scribed, a mechanical or electronic
multiplexer samples various input
sources which may have impedances
ranging from near zero to 100,000
ohms. For overall system accuracy
and ease of calibration, the keyer
must have a high effective input
impedance. This can be achieved
with cascaded common-collector
stages but internal noise or tem-
perature problems appear almost
insurmountable.

One way to gain high effective
impedance is to compare the signal
with a sawtooth waveform and
look at the input signal only at the
exact moment of coincidence. When
coincidence occurs, the input im-
pedance might drop to a lower

value, but the pulse width informa-
tion has already been obtained.
With the pulse width thus inde-
pendent of source impedance, it is
possible to avoid independent cali-
bration for each signal channel. In
practice, zero and full-scale signals
are introduced into two input chan-
nels and later used for overall auto-
matic system calibration.

Description of Operation

Figure 1 is a block diagram of
the transistor keyer. The principle
of operation is that of comparing
the signal input voltage to a linearly
rising sawtooth which is generated
within the keyer. An output pulse
begins when the ramp voltage starts
increasing and terminates when the
ramp and signal voltages are equal.
Pulse width is directly proportional
to the input signal.

About 100 usec after the signal
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has been applied to the voltage com-
parator, the trigger delay circuit
triggers the flip-flop to the on state.
This delay feature is incorporated
to allow the comparator input cir-
cuitry to stabilize. The Aflip-flop
opens a transistor switch, allowing
the ramp generator to begin gen-
erating a linearly rising voltage.
This ramp voltage is also applied to
the voltage comparator, as can be
seen in Fig. 1.

A sharp pulse is generated by the
comparator when the two inputs are
equal, or as they do in practice,
differ by a small fixed amount. This
coincidence pulse triggers the flip-
flop to its original off or rest state.
The flip-flop in turn resets the ramp
generator and the keyer is ready
for the next signal and trigger.
The keyer operates at a nominal
rate of 900 samples/sec. The input
voltage range is 0 to +5 v d-c. A
two-section commutator is used, one
section supplying commutated sig-
nals and the other generating trig-
gers for the timing system. If
desired, the keyer output can be
used to modulate a 40- or 70-kc sub-
carrier oscillator instead of the f-m
transmitter directly. Electronic
commutators may be utilized by a
slight modification of the trigger
delay circuit.

Flip-Flop

The bistable flip-flop consisting
of Q. Q, and @, of Fig. 2 is used
to drive the ramp generator switch
as well as to provide the duration-
modulated output pulses. The com-
mon-collector cross-coupling tran-
sistor Q. reduces the capacitive
loading on the collector of Q; allow-
ing a fast rise-time. This fast
switching is a primary reason for
the extremely low keyer jitter. The
low-impedance waveform at the
emitter of @, is coupled through a
potentiometer R, to the pdm out-
put terminal. The off and on trig-
gers are diode-gated into the flip-
flop to avoid any ambiguity in flip-
flop states.

Ramp Generator

The linearity of the Miller in-
tegrator and the bootstrap inte-
grator are related to the 8 and «
transistor current gains respec-
tively. The Miller circuit ap-
proaches perfect linearity as its
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FIG. 1—Block diagram of the transistor-
ized pdm keyer. Timing pulses are pro-
vided by the commutator

gain approaches infinity, while the
bootstrap approaches perfect line-
arity as its gain approaches unity.!
Because the direct-coupled transis-
tor operational amplifier would be
difficult to stabilize with tempera-
ture, the simple transistor boot-
strap was selected for the ramp
generator.

Figure 3A is a schematic of a
conventional transistor bootstrap.
When switch S is opened, capacitor
C begins charging through R.
Assuming the bootstrap transistor
has unity voltage gain, and that C,
is large enough so that its voltage
does not change appreciably during
the cycle, the current through R is
constant. Current I, does not equal
I, but is less by the amount I,. As
the ramp is generated the voltage
across R, increases. The required
base current thus increases with
time, decreasing the charging cur-

rent to C. This produces a ramp
which has a constantly decreasing
slope.

Two ways to approach a constant
slope are to increase the direct cur-
rent gain and to increase the value
of R, so that a smaller base current
change occurs.

As the value of R, approaches
infinity, the output approaches per-
fect linearity. If the value of R,
is made large, however, the time
required to replace the charge lost
by C, during the ramp generation
becomes excessive. This results di-
rectly in crosstalk since the starting
point of each sweep is now in-
fluenced by the pulse width of the
preceding channel.

Linear Circuit

These difficulties are overcome
in the circuit of Fig. 3B. The switch
is placed in the emitter circuit and
R,, during ramp generation, is
essentially infinite. A constant-
current condition now exists and
the voltage gain of @, approaches
one (see also Fig. 2). When the
switch S is closed, C, is discharged
through the base and emitter of Q..
To prevent excessive collector cur-
rent from flowing during this dis-
charge and during standby, R. is
of such a value that the collector of
Q; is saturated except when the
ramp is being generated. This cir-
cuit has high linearity and allows a
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FIG. 2—Overall schematic diagram of the pdm keyer. With this configuration, a
linearity of 0.2 percent maximum deviation from a straight line between end points

is maintained from —40 C to 485 C
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high variable duty cycle (low cross-
talk) without depending upon a
high transistor current gain.
Linearities as high as 0.03 percent
maximum deviation from a straight
line between end points have been
obtained for the ramp generator
because of its excellent character-

istics at low collector current and.

its low I.,.

An interesting feature of this
circuit is the appearance of a posi-
tive-going square wave on the col-
lector of @, during the time the
ramp is being generated. If this
waveform is coupled through a
nonphase-inverting switch to the
emitter of Q,, a self-gating action
similar to that of the vacuum tube
phantastron circuit occurs. This
could eliminate the need for a flip-
flop.

This self-gating configuration is
not used in the present keyer de-
sign because of the excessively long
trigger pulse required. The slope
of the bootstrap is approximately
proportional to « which increases
with temperature, increasing the
slope of the ramp. This is com-
pensated for by using a positive
temperature coefficient resistor R.
in series with the main ramp
resistor R, (Fig. 2).

Voltage Comparator

Referring to Fig. 2, the voltage
comparator is derived from a
Schmitt trigger except that, as a
result of the requirement for high
input resistance, the feedback loop
is coupled through capacitor C,.*
This circuit is an extension of the
hook connection.® It also resembles
some of the newly developed pnp-
npn flip-flops except that Q. is al-
ways actively biased.

During standby, both junctions of
Qs are reverse biased and the only
current that flows in the input is
I,, and I,,. The ramp increases the
emitter voltage of Q, until its
emitter becomes forward-biased
and transistor action occurs. Re-
generation results, producing a 10-v
negative off trigger pulse with a
fast rise time.

The comparator tends to produce
longer pdm pulses as the signal im-
pedance is increased because of two
factors: the base-to-emitter capaci-
tance C,. of Q, tends to couple the
ramp input to the signal causing

a small current to flow which is
equal to C,, times ramp slope. This
offset current seems to be small
compared to the other effect, which
is the time delay between actual
coincidence and the beginning of
full regeneration. During this short
period a small surge current must
be supplied by the signal source.
In no case does this effect cause
more than 0.2-percent error.

The circuit becomes more sensi-
tive as temperature is increased.

+24V

%
|
1

Sk lIR 1

RAMP

l ouUTPUT

S
(A) K=X 1,000

tacts close, Q, ceases conduction and
the emitter voltage of the unijunc-
tion transistor Q, rises exponen-
tially. At a voltage determined
partly by the physical characteris-
tics of @, its emitter goes into
negative resistance and the emitter
voltage drops very suddenly to near
zero.® This sudden voltage drop is
differentiated and is the on trigger.
Noise cannot cause false triggering
because the unijunction transistor
has a thyratron-like action and
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FIG. 3—Conventional bootstrap circuit (A) has poor linearity as base current increases
with time. In (B) charging current of C, is kept constant resulting in high linearity

For this reason a series diode D, is
used in the ramp generator so that
the ramp is reset to a lower voltage
with increasing temperature. It also
protects Q, from excessive reverse
bias when -+24v is applied.

From a system point of view it is
desirable to provide some sort of
input limiting to avoid ambiguity in
the output pulses caused by off-scale
input signals. One method is to
provide diode clamps at the input.

By proper choice of diodes D, and
D., the input capacitance is in-
creased only about 10 uuf. Since the
diodes are in series, their leakage
currents tend to cancel. To provide
low-impedance limiting, Zener diode
D, is used for a 5-v reference.

When the keyer design was initi-
ated, it was felt that no trigger
amplifier would be required. How-
ever, consideration was given to the
possibility of commutator noise and
bounce under severe environmental
conditions, which could cause false
keying. Therefore, a combination
trigger amplifier-integrator was
deemed necessary.

When the commutator time con-
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either is in full conduction or cut
off. The voltage appearing across
the commutator trigger contacts
does not interfere with high-imped-
ance signal channels.

Performance

The specified nonlinearity of the
keyer is 0.2 percent maximum devi-
ation from a straight line between
end points from —40 C to +85 C.

Jitter is nominally 0.1 usec. This
low figure is achieved primarily be-
cause of the use of a fast flip-flop
and the use of a clamping diode to
determine ramp zero level.

The keyer output pulse has a 14-v
amplitude and a rise time of 3 usec.
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