GENERATING RANDOM NOISE

System provides both a random telegraph wave with a mean count rate of

80 Kc and Gaussian noise with a power spectrum flat between d-c and 20 Ke,

for fast analog computation and especially for repetitive computer applications

By JOHN B. MANELIS,

Dept. of Electrical Engineering,
University of Arizona, Tucson, Ariz.

ANALOG-COMPUTER studies- of ran-
dom processes require generating
randomly varying voltages with
statistical properties to represent
randomly varying variables, initial
conditions and parameters.

A noise generator for providing
random input signals to a repetitive
analog computer may require a flat
power spectrum from d-c to several
thousand cycles a second.

The output power spectral den-
sity may be altered to meet a given
requirement by linear shaping fil-
ters; the output amplitude distribu-
tion camr be shaped by diode funec-
tion generators.

Gaussian-noise generation by
‘noisy resistors,? diodes,® phototubes®
and thyratrons in a magnetic field*

requires elaborate regulation or
monitoring of rms and d-c output
levels, and also has the disadvan-
tage of a nonuniform power spec-
trum at low frequencies.

Low-frequency spectral nonuni-
formities, including line-frequency
components due to hum pickup, can
be removed through sampling or de-
modulation and filtering of the
noise generator output, which re-
centers a flat portion of the spec-
trum about d-c¢;® but the resulting
noise output spectra are flat only
to about 100-500 cps.

A Aflip-flop symmetrically trig-
gered by a radiation detector actu-
ated with a radioactive source
yields a random telegraph signal
with Poisson-distributed zero cross-
ings (Fig. 1 inset).

If the levels &= E are accurately
set by a precision limiter, the mean
output is zero, whereas the mean-
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FIG. 1—Block diagram of moise generator with radioactive source; ran-
dom telegraph wave (inset) with Poisson-distributed zero crossings
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square, autocorrelation and power
spectral density are given by

¢ (0) = E?
) (T) = F2 ¢—2ait!
E? 1
W i) = “a 1+ ot/da?

‘where o is the mean count rate

of the radiation-detector output
pulses. Low-pass filtering of the
random telegraph signal yields
Gaussian noise of zero mean, with
spectral density determined by the
filter characteristics. The flat-spec-
trum random telegraph signal is
useful in its own right. The binary
nature permits its direct use for
random switching (binary multipli-
cation), for example, in correla-
tors.® This nature permits its direct
use for randomly timed events
(Poisson process) in simulations of
equipment failures and queing
problems such as traffic control.’

An earlier noise generator of this
type used a self-quenched Geiger-
Mueller tube as the radiation de-
tector,® but this device was limited
to relatively low count rates (below
500 cps) by its deionization time.
The noise generator replaces the
Geiger-Mueller tube with a scintil-
lation detector (type 931A multi-
plier phototube) and permits count
rates well in excess of 75 Kc for
wideband operation.

The block diagram of Fig. 1
shows the operation of the circuit.
The noise generator consists of a
source of radioactive material
mixed in a light-emitting phosphor
and a multiplier-phototube detec-
tor whose output produces cur-
rent pulses corresponding to the
emission of light impulses in the
scintillating phosphor. After ampli-
fication in a five-stage pulse ampli-
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fier, pulses exceeding a threshold
voltage operate a Schmitt trigger
to produce short pulses of constant
amplitude and random time occur-
rence. These pulses are inverted
and applied to a flip-flop to produce
a squarewave of constant amplitude
with random zero crossings. The
output squarewave has a d-¢ com-
ponent, which is eliminated by a
cathode follower followed by a sym-
metrical limiter. The cathode fol-
lower output is clipped at equal
positive and negative voltage levels
by a diode-bridge limiter. The re-
sult is a random telegraph signal
having accurate levels of +F and
—FE volts. The random telegraph
signal is amplified and filtered in a
chopper-stabilized wide-band opera-
tional amplifier. The power spectral
density will be flat from zero to
near the filter cutoff frequency.

Since the mean count rate of the
random telegraph signal affects the
spectral density of the noise output,
the threshold level of the Schmitt
trigger is controlled by feedback
through a storage counter using an
operational-amplifier integrator.

The radioactive source consists of
a radioactive isotope mixed with a
light-emitting phosphor, such as is
used on dials of luminous watches.
This jewelers’ paint is applied to a
small region of the tube envelope
covering the cathode of the multi-
plier phototube.

The 931A multiplier phototube
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was selected because of its rela-
tively low cost, and because it is of
the vacuum type, which, unlike a
gas phototube, suffers little or no
loss of sensitivity with use when
operated continuously near full
plate current.

A supply of 1,000 volts is applied
to the phototube across a voltage di-
vider providing 100 volts between

successive dynode stages. A curve -

of count rate versus voltage across
the phototube is shown in Fig. 2A
for a Schmitt trigger threshold
level set near maximum count rate.

The source and multiplier photo-
tube are completely enclosed by a
Mu-metal shield to prevent a-c fields
from modulating the count rate;
the earth’s field might also cause a
decrease in signal. The pulse out-
put is of negative polarity and
varies from near zero to ten or
fifteen volts.

The count rate is determined by
the number of multiplier phototube
pulses that exceed a threshold value.
The pulses occur at random times
and can be close together. Hence,
a fast amplifier is required, to am-
plify the small pulses above the
threshold value, and not be over-
loaded by the larger pulses. The
circuit is common to nuclear phys-
ics experimentation® (Fig. 2B). The
feedback loops and design are sim-
ilar to the Oak Ridge-Fairstein and
Brookhaven-Chase circuits." The
negative signal from the multiplier

phototube is amplified through V,,
and appears as a positive signal at
the grid of V5. Tubes V,; and V.,
are connected as a difference am-
plifier, with their grids coupled
through a long time constant (220,-
000 ohms and 0.1 pf). Under nor-
mal conditions, that is, when the
positive input signal at the grid of
V.. is small, the difference ampli-
fier can operate with low effective
cathode impedance (13,000 ohms in
parallel with the 7, of the other
tube) since both V,, and V., are
conducting. When the signal is
large, V., cuts off and all current
flows through V. the cathode im-
pedance of which is now 13,000
ohms. For large signals V., draws
grid current; but since there is no
coupling capacitor in the grid cir-
cuit, it will return to its quiescent
operating point as soon as the large
signal ceases. Tube V, is an invert-
ing amplifier whose output is the
triggering signal for the Schmitt
trigger.

Two feedback loops help to sta-
bilize the gain of the pulse ampli-
fier. High-frequency negative feed-
back is applied from the cathode of
V.s to the cathode of V,, through a
capacitor and resistor in shunt. The
capacitor in shunt with the feed-
back resistor overcomes the capaci-
tance from the cathode of V,, to
ground. There is also a second, low-
frequency feedback connection from
the cathodes of V,; and V., to the
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FIG. 2—Graph (A) of count rate versus voltage across the multiplier phototube; monoverloading pulse amplifier (B)
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grid of V,, to stabilize low-fre-
quency fluctuations 1in voltage
caused, for example, by changes in
tube characteristics. The long time
constant of the 390,000-ohm resis-
tor and 25-uf capacitor confines the
effectiveness of this feedback to the
quiescent current conditions of Vi,
and the difference amplifier.

Tests were made on the amplifier
with an astable multivibrator at
2 Mec. The rise time of the input
pulse was 0.04 usec, and the recov-
ery time was 0.16 usec. Amplifier
rise time is no greater than 0.22
usec; the recovery time 0.16 usec.
The pulse gain varies with input
amplitude, due to the nonlinear dif-
ference amplification. The output
voltage never exceeds 60 volts for
an input of 4 volts. Reliable ampli-
fication is obtained in excess of 2.5
Me. |

The Schmitt trigger is of conven-
tional design.® An output ampli-
fier inverts the trigger and prevents
loading of the trigger by the binary.

A resistance in the cathode cir-
cuit of the first tube reduces the
loop gain to near unity and thus
reduces hysteresis to about 1.8
volts. If the hysteresis were elimi-
nated entirely, the loop gain would
be equal to unity, which is a rela-
tively unstable condition. Drift due
to supply voltage changes or tube
aging could cause negative hyster-
esis (loop gain less than unity) and
the circuit would no longer change
states.® The +1.8-volt hysteresis
will ensure that the loop gain re-
mains greater than unity even if
the circuit drifts. The rise time
depends on the speed of the trig-
gering voltage, but is in no case less
than 0.16 usec. The output switches
between +250 and +300 volts with
a recovery time of 0.18 usec. The
maximum reliable count rate using
the astable multivibrator connected
to the input of the pulse amplifier
is about 2.6 Mc. Drift of the switch-
ing point is eliminated by the feed-
back control circuit.

The flip-flop is also of conven-
tional design.” An output cathode
follower reduces the output voltage
to near the desired level, lowers the
output impedance and prevents
loading the binary.

The output of the cathode fol-
lower is slightly greater than +=30
volts, as the diode bridge will limit
to =20 volts. This 20-volt margin
ensures the elimination of any un-
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wanted noise riding on the random
squarewave, and also results in
sharper pulses. Since the random
squarewave is also attenuated in
the resistance network preceding
the cathode follower, the flip-flop
output must be large. Furthermore
d-¢ coupling is used from the flip-
flop to the noise generator output
to preserve the components of the
random signal down to d-c. The
cathode follower also acts as an
isolation network; it prevents the
diode bridge from loading the flip-
flop, and at the same time feeds the
bridge through a low input imped-
ance.

The binary output swings from
+300 to +180 volts or an output of
120 volts. The rise time is 0.6 mi-
crosecond and the recovery time is
0.3 usec. The maximum number of
reliable transitions is 0.7 million a
second. The output of the cathode
follower is from 430 to —30 volts.

To obtain an output voltage of
adequate root mean square value
with a stable zero mean, the output
cathode follower is followed by the
diode-bridge limiter” (Figs. 1A and
1B). To allow fast rise times, the
impedance level should be as low as
possible. Precision carbon depos-
ited resistors provide accurate lim-
iting levels. The bridge-bias volt-
ages must be well regulated and
preferably should be obtained di-
rectly from the reference supplies
of the computer in which the device
will be used. The circuit limits at
*20 volts within 0.3 volts for both
short and long pulses.

The output element of the com-
plete random noise generator must
be a wide-band, d-c amplifier ca-
pable of supplying the required
gain and low output impedance. A
Philbrick USA-3 chopper-stabilized
amplifier is used. The output low-
pass filter is placed in the feedback
loop of this amplifier; plug-in ter-
minals permit use of different feed-
back networks.

The count rate can be set by the
threshold level at the Schmitt trig-
ger input. Figure 4A shows the
feedback circuit. The count rate
was measured at the output of the
inverting amplifier.

Count-rate regulation could also
be accomplished through feedback
to the power supply of the photo-

tube. This would have the advan-
tage of having more elements
within the control loop. This
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FIG. 3—Diode-bridge limiter (A) and
its transfer characteristic (B)

method is not used because other
phototubes may use the same power
supply.

Referring to Fig. 4B, cathode
follower V. applies negative pulses
through a low impedance to the
storage counter. The negative
pulses cause capacitor C; to charge
through diode D,. The time con-
stant with which C, charges is the
product of C, times the sum of the
diode and cathode follower resist-
ances. If this time constant is small
compared with the duration of the
pulse, then C, will charge fully to
the value e, — E, with the polarity
indicated. During the charging
time of C,, diode D. does not con-
duct and no current flows into the
operational amplifier. At the ter-
mination of the input pulse, capac-
itor C, is left with the voltage e, =
E, which now appears across D, and
across the series combination of D,
and the operational amplifier. The
polarity of this voltage is such that
D, will not conduct. Capacitor C,
will, however, discharge through D,
into the operational amplifier. The
time constant with which this
transfer of charge takes place must
be small in comparison with the
interval between pulses, to allow
equilibrium to be established be-
tween the capacitor voltages (C,
and C.,). Capacitor C, is large in
comparison with C..* The average
current flowing into the operational
amplifier is FC.a. The node equa-
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FIG. 4—DMean count rate control circuit (A), with a Philbrick K2-W oper-
ational amplifier; storage counter (B) with an operational amplifier circuit

tion at the input of the operational
amplifier is EC.e = —E,/R at d-c.
Solving for E,, E, = —ERCia.
This last equation indicates the
direct dependence of the opera-
tional-amplifier output voltage on
the mean count rate. If the mean
count rate increases, the output
voltage decreases and lowers the
threshold voltage at the input of
the Schmitt trigger, causing the
count rate to decrease, and in doing
so, regulating the noise generator.

Threshold level can be adjusted-

by varying the reference voltage at
the operational-amplifier input.

The performance of the control
circuit is

B E, AV of Phototube
(volts) (volts) (volts)
-10 +96 0
+5 +100 —50
+22 +103 —100

The count rate was varied by de-
creasing the voltage across the mul-

tiplier phototube. The large changes
were for illustration and would
never be expected to occur in prac-
tice. The reference voltage was 100
volts.

The noise generator has been
built and will be incorporated in a
repetitive computer now being
built in the computer laboratory. **
It will be used in random-process
studies.

The frequency capabilities of the
generator circuits meet the design
requirements and exceed the count
rates obtainable from the source
used. This permits use of a source
of higher frequency should one be-
come available, and provisions have
been made for using two sources in
parallel. If the sources are identical
and independent, the mean count
rate of the noise output should
double.*

A primary consideration in ran-
dom noise generator design is free-

dom from periodic components. The
pulse circuit generating the ran-
dom telegraph signal discriminates
against line-frequency hum pickup,
although stray 60-cps fields and
currents can under some circum-
stances modulate the mean count
rate both in the multiplier photo-
tube and at the Schmitt input.

The effects on second-order sta-
tistics, such as the power spectrum,
appear to be removed when the
random telegraph signal is filtered
for gaussian output.

It is believed that the main peri-
odic interference in the random

output is due to line-frequency com-

ponents in the output amplifier.”
This is due mainly to chopper ripple
and spikes, which could be mini-
mized by omission of the chopper
stabilizer, and by d-c operation of
the output amplifier filaments.

Small line-frequency compongnts
of this type are, unfortunately,
rampant through most existing ana-
log computers and measure -about
3 to 5 mv rms. They are negligible
in computations over the usual
*+100-volt range, but might add up
in statistical work.

In the application of the noise
generator to the new repetitive
analog computer, this has been
taken into account; precision crys-
tal-oscillator clock control® prevents
computer repetition rates and sam-
pling frequencies harmonically re-
lated to the line frequency, so that
line-frequency components are av-
eraged out in all presently projected
random-yoltage measurements.

This paper was written as an
M.S. thesis in connection with a
repetitive-computer project directed
by G. A. Korn. The author is grate-
ful to the Electrical Engineering
Department of the University of
Arizona and to P. E. Russell, de-
partment head, for their support of
this project.
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