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SUMMARY

This paper presents a method of simu-
lating various noise sources in a Weapons
Fire Simulator System which has been mod-
eled as an Optical Communications Channel.
This Weapons Fire Simulator System is com-
posed of laser transmitters mounted on
weapons that fire blank cartridges, and
Taser receivers mounted on targets. The
laser transmitter sends out "kil1" beam
pulses to the target whenever blank car-
tridges are fired, Detection of these
pulses at the target signifies a "hit." The
entire system along with the optical commu-_
nication channel is simulated in a general-
purpose computer program called SCEPTRE.
This analysis package is an efficient means
of modeling the communication channel char-
acteristics and determining signal-to-noise.
ratios as functions of various electrical
and physical parameters. Also the SCEPTRE
pregram is a versat{]e tool for_circuit
noise calculations.' The main advantage is
a single SCEPTRE run computes the total
noise gutput from a large number of noise
sources distributed throughout the circuit.

INTRODUCTION

The computer-aided design package
SCEPTRE s used to simulate a portion of a
Weapons Fire Simulator System.

SCEPTRE is an automatic c¢ircuit anal-
ysis program that solves for the transient
and steady state response of large networks.
SCEPTRE solves circuit equations from a
description of circuit topology and compo-
nent values. In addition, a defined para-
meter mode solves state eguations which can
describe any system. This approach models
the receiver section. The communication
channel is modeled using FORTRAN IV sub-
routines. SCEPTRE's circuit description
is composed of elements, defined parameters,
and functions. Element values can be de-
fined by evoking FORTRAN IV subroutines.
Subroutine parameters can be either circuit
variables, defined parameters, or constants.
The subroutine facility is used to specify
noise sources and atmospheric effects on
signal sources. Any of these parameters
can be changed via the rerun feature.
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A block diagram of the laser optical
comnunication system representing the wea-
pon fire simulator is shown in Figure 1.
The Taser transmitter emits a digital pulse
code whenever the weapon is fired which in-
cludes weapon identifying data. The Tlaser
beam passes thru an optics system into the
communication channel, the atmosphere. The
channel characteristics include atmospheric
turbulence, scattering, and absorption.
These effects cause the laser beam to di-
verge, bend, attenuate, and scintillate.
These effects are a function of the path
Tength and specific meteorological condi-
tions. The direct or indirect sunlight i1-
']um1nat1ng the laser detectors, cause a
constant de¢ bias in the photodiodes genera-
ting shot noise. The signal amplifier gen-
erates shot and thermal noise. The output
of the s1gna1 amplifier feeds digital

" processing circuitry.

The electrical noise sources in passive
and active electronic components havg Been
extensively examined for meany years.™?

There is an increasing need for computer-
aided noise analysis since calculations
associated with noise in electronic circuits
are often extremely tedious and complicated,
In these calculations, noise is superimposed .
on the electronic circuit as a current or
voltage source whose value follows the
normal distribution probability curve .with
its mean value zero and standard deviation
a function of various parameters.

The SCEPTRE program js a general cir-
cuit analysis program having many active
device models available in its "l1ibrary."
One can add the noise sources into the ex-
isting SCEPTRE device models for calcula-
tions, or the user can supply his own model
and do the same. .

Noise Sources

The sources of noise encountered are
shot noise, thermal noise, and excess notse.
The magnitude of the shot noise, having a
constant spectral density, can be calculated
from physical parameters. We call this type
of noise a white noise source. Shot noise
is due to the fluctuations of the number of
charge carriers flowing through a junction
barrier in a solid state device. For a for-
ward biased PN junction photodiode, the
spectral density of the current fluctuation



has an expression Si(f)=2eI where "e" is the
electron charge in coulombs, and I is the dc
current flowing through the photodiode. The
thermal noise is caused by the random vibra-
tion of the charge carriers in a resistor due
to thermal agitation. Over the practical fre-
quency range of a circuit's operation, the
thermal noise has a flat spectral density and
is considered to be a white noise source,

The excess noise most often encountered in
electronic circuits is the 1/ type which has

a spectral density of the form S(f)}=K/fP, where

K is a constant and "b" has the value close
to unity. The other type of excess noise
found in semiconductors and photodiodes is
burst noise. This noise consists typically
of random pulses of variable length and equadi
hejght. Burst noise has a power spectral
density varying with frequency in the form of
S(F)=K/f2 but with "a" approximately 2.
Since both types of excess noise have spec-
tral densities increasing as the frequency
decreases, they are dominant noise components
only in the Tow frequency region {below 10
KHz). This analysis deals with high fre-
quencies masking the excess noise with shot
and thermal noise. Assume excess noise is
negligible and equal to zero for this paper.

The noise sources in electronic circuits
are normally represented in the form of vol-
tage and current sources. The above noise
sources are two types; one with the spectral
density independent of frequency (called
white noise}, and the other with the spectral
density varying with frequency (called col-
ored noise).

SimuTlation of Noise Sources

Both white and colored noise sources
can be simulated by insertion of FORTRAN IV
subroutines into the SCEPTRE source deck.
The SCEPTRE program is well known for iis
simplicity and capability for handling the
input and output signhals of a circuit with
time as the independent variable. This cap-
ability of the program makes it especially
efficient for c¢ircuit noise problems because:
a1l the noise sources in a circuit can be
simulated with current or voltage noise sour-
ces which have the required spectral inten-
sity. For this paper, the FORTRAN IV sub-
routine GAUSS which is available in the IBM/
360 Scientific Subroutine Package was used to
simulate the white noise sources. The simu-
lation was achieved by using the normally
or Gaussian distributed random numbers gen-
erated by the subroutine GAUSS as a voltage
or current source in the circuit. To use
this subroutine, the mean value and standard
deviation of the distribution must be given
in the program. Set the mean value of the
noise to zero since we are interested only
in the 8¢ component of the noise. The stand-
ard deviation of the shot noise distributiaon
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can be determined via the following. Let
the {ime interval between the neighboring
randomly generated numbers be 4 and, if the
number of the random points generated is
Targe enough, the spectral intensity of the
noise source will have an expression

1

Swil < f<o,r

Sv(f) = za
0; elsewhere

where Sw is the spectral intensity of the

white noise source. For this analysis, only
the positive frequency is considered. The

‘mean square magnitude or the variance of

this noise can be represented as

v2  =3.202 x 10719 1f
The standard deviation is

o /T B2 T

where I is the photo diode current generator
JA, or JB thru JD in Figure 3. The time

interval 4 is determined by the highest fre-

quency of interest with the maximum fre-
quency of interest being

f = 1
PE - .
For example; to generate a shot noise source’
which has a constant spectral intensity from

‘dc up to 10 MHz,

= 1 = ] = 5 0-9
b= s 5 %107 0x1 sec

should be used. It is important to note
that all the noise sources simulated in this
way are uncorrelated, since each photo diode
has jts own GAUSS subroutine, and contain
all the noise power in the usable circuit
bandwidth. These subroutines can be simyl-
taneously inserted into the SCEPTRE program
to compute the instantaneous values of the

~noise at the output of the ¢ircuit being

simulated. From these values of noise, the
noise power can be easily calculated by
another FORTRAN IV subroutine that performs
these calculations.

The thermal and shot noise in the
signal amplifier are simulated by using
the signal amplifier's measured output noise
voltage. Divide this value by the amplifi-
ers gain and use as the standard deviation
for the normal distribution. The mean value .
is set to zero. Assume a noise bandwidth of

“10 MHz, then

a= 1= 1

L= 1 =50 x 1079 sec
2F 2 x 107

Transmitter and Receiver Efficiency Factors

These factors are due to the optics
at the Taser transmitter and receiver. The
transmitter efficiency factors Tower the
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aeffective laser output power. For a typical
Taser transmitter the transmitting efficiency
is 22% with the receiver efficiency 30%.
Thus, the equivalent Taser power at the re-
ceiver's detectors is a function of the pro-
duct of the transmitter and recefver effici-
ency factors.

Simulation of Atmospheric Effecis

For the purpose of laser system design,
atmospheric effects may be classified as at-
tenuation and turbulence. For the design of
a Taser for an optical communication 1ink,
where the target or receiver i1s smaller than
the Taser beam, both attenuation and turbu-
Tence effects must be considered.3 Attenu-
ation in the atmosphere 1s caused by the
mechanism of absorption and scattering. Most
Tasers have output wavelengths outside the
absorption bands which are selected sharp
bands throughout the electromagnetic spec-
trum. Scattering atfenuation of a laser beam
occurs when the photons in the Taser beam are
deflected by particles in the air, At short-
er wavelengths, the air molecules will cause
scattering attenuation, but at Tonger wave-
lengths, microscopic particles of dust and
smoke are the primary scattering media. At
0.904 microns, attenuation is mostly due to .
particle scattering. Visibility is also a
function of atmospheric attenuation and _
serves as a convenient parameter for speci-
fying the attenuation. Turbulence effecis
are caused by refractive index inhomogenei-
ties in the atmosphere and may result in |
deflection or spreading of the Taser beam
or in nonuniform energy distribution across
the wavefront. A1l of these effects cause
degradation of performance, resulting in re-
duced energy density on the target or recei-
ver.

Atmospheric Attenuation

A FORTRAN IV subroutine calculates the
percent transmission through the atmosphere
of the laser beam based upon the path length,
and wavelength. The transmission of the
Taser beam through the atmosphere is given

b
d T = e~ oR

where o is the attenuation coefficient, and
R the path length. This coefficient is a
function of molecular scattering, particle
scattering, and absorption. For a given wave-
length, « is a sum of these factors. Visi-
bitity is defined as the range where a target
of 100% contrast is seen as a target with its
apparent contrast reduced to 2%. An accurate
empirical relationship between o and the vis-
ibility accounting for the variation of o
with wavelength is

= 3.9 (0.55) g

Rv A

where “g" is a function of visibility (Rv)
which varies according to the following

Rv{km)

0-6
6-9

9-12

12-100

”ﬁtmospheric Turbulence T e

(Rv/5?1/3
{0.86+Rv/30)
{0.98+Rv/30)
(1.15+Rv/200) = _

The atmosphere is an inhomogeneous
‘medium made up of regions of varying size
in which the refractive index deviates from

the mean value.

When a laser beam passes

through the atmosphere, these regions result

in several effects.

steering (the entire beam is deflected from

These effects are beam __ _

its original path), spreading (the divergence
of the beam is increased), and scintillation

{phase changes across the wavefront result

in constructive and destructive interference ™ ‘ -

causing amplitude changes in the wavefront

that vary in a randomly distributed Gaussian
fashion).

Beam steering is assumed negligible, ™

and beam divergence is a nonprobabilistic

function for this amalysis.

Let the Taser

output power be PWR, XDIY the beam diver-
gence in the X direction, and YDIV the beam

divergence in the Y direction.

The fraction

of the transmitted energy at the receiver
(PRW) s given below:?

(2.54 x 10-2 + XDIV* R]/Z
(2.54 x 10"2 + YDIV* R)/2

A
B

EFA

PR

PUR
XET
XER

where R is the path Tength, Xd the X distance T

»éﬁ‘fféé) 2 E:.(ﬁ?) 2

_ PUR (2.54 x 10-2)2 EFA

w (2.54)2 AB

POWER * XET * XER
Efficiency factor for transmitter
Efficiency factor for receiver

from the laser beam center to the target

center, and Yd the Y distance.

PRW 15 the

laser beam power at the detector after beam
divergence and efficiency factors have been
app?ved to the transmitter and receiver.
PWR is the laser power output after effi-
ciency factors have been appléed. See

~ Figure 2 for an illustration.

Scintillation Effects

B FORTRAN IV subroutine calculates the
scintillation effect simulated by the sub-

routine GAUSS.

Tatarski®s work has shown

that the intensities in a Taser beam cross
section are Tog normally distributed (have
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Figure Z.
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a normal distribution when plotted with the
intensity on a logarithmic scale), with the
variance of the GAUSSIAN distribution being

for an infinite plane wave case.? Here K is
the wave number Zz/x corresponding to the
wavelength being propogated, Cn the turbu-
Tence structure constant of the atmosphere,
and R the path %ength. The three classes of
turbulence are:

Weak turbulence tn=8x10"%m=1/3
Intermediate
turbulence tn=4x108m~-1/3

Strong turbulence Cn=5x107m-1/3

During different times of day and seasons of
the year, use different turbulence con- .
stants. During the winter season, use weak
turbulence at sunrise and intermediate tur-
bulence at noon: during the summer season,
intermediate turbulence at sunrise and
strong turbulence at nocn.

One problem with the variance equation

is that it predicts an infinite increase of

energy variance with respect to path length,
which s not the case. One must assume that
o, will saturate at soge'leve] a function of
both path length and of The corrected
value of variance is

gg =1n (2 - exp(~a%))

which_saturates at 0.6931, the natural log

of 2.8 This equation is valid for a spher-
ical waye hut another .correction is neces-

sary for a plane wave.
beam divergence high (> 3 milliradians)
assume the Taser is emitting a spherical
wave with no correction necessary.

The mean value of the normal distribu-
tion that SCEPTRE generates is

MV=ln (PRWk20Q%10~94e=022/2y
where 200X10-Y=1aser pulse length

The frequency of the amplitude modula-
tion due to scintillation is determined by _
eddy wind currents in the atmosphere. This
movement of air normal to the path of prop-
agation causes amplitude modulation of the
scintillation pattern. The maximum fre-
guency of this modulation is determined by
the following equation

f o= (_m\m 1/2

where Vn is the component of wind velocity
normal to the Tine of sight, A the wave-
length, and R the path length. This maximum
frequency is a measure of the rate that tur-
buTence statistics change as the atmosphere

‘Tn our case, with the
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moves across the Taser beam path. This
serves to establish the validity that each
transmitted pulse s an independent event.
For our analysis, the time interval between
random number generation is 1/f, the rate
at which new random numbers are generated by
GAUSS during the SCEPTRE run.

Example

An example is given here illustrating
the method of incorporating the simulated
noise sources in the SCEPTRE program to
compute the noise power at the circuit's
output, a function of the parameters de-
scribed above., The circuit to be analyzed
consists of four solar cells in parallel
driving a signal amptifier, see Figure 3.
The circuitry loading the solar cells is
ac coupled and loaded with an inductor to
pass only the received pulses (ac component)
of the signal. This is necessary when the
detectors are in sunlight generating a dc
bias. The shot noise in each solar cell is
simulated with noise current generators JNQA
thru JNOD, respectively. The dependent cup-
rent generators JA thru JD simulate the
diode effect occurring in the solar cells
due to their silicon PN junction. J1 thru
J4 simulate the d¢ bias introduced by the
sunlight, CJ1 thru CJ4 the diode junction
capacitances, RS1 thru RS4 the internal
series bulk resistances, and RP1 thru RP4
the reverse bias series resistances. The
signal amplifier is simulated by a voltage
source and a resistor capacitor load Timit-
ing the bandwidth. Four different random
number sequences are generated by four
separate GAUSS routines giving completely
uncorrelated shot noise results. The ENQA
voltage source simulates the thermal and’
shot noise of the signal amplifier. JPS and
JPT are the current sources simulating the
currents due to the received laser pulses.

.—For this analysis, assume a configuration

with a1l four detectors in full sunTight,
but only two of them receiving the laser
pulses. Resistor RT simulates the output
impedance of the signal amplifier with Cl
and RLF a low-pass filter simulating the
-actual bandwidth of the amplifier. The RC
time constant gives a cutoff frequency of’
approximately 1 MHz.

One computer run with SCEPTRE and the
FORTRAN IV subroutines calculates the noise
power _at the output with JPS and JPT set
equal to zero (no signal}. Another computer
run calculates the average peak signal by set-
ting JNOA thru JNOD and ENOA to zero. These
runs are compared and the signal to noise
ratio determined. The various parameters
discussed in this paper can be varied from
run to run with the signal to noise ratic
determined as a function of these parameters.
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This is the equivalent circuit of four paral-
Tel solar cell photodiode outputs applied to
an amplifier through a filter. The following
is & description of the circuit parameters:

® Transnitier laser power; 5 watts

e Laser pulse width; 200 nanoseconds

@ Laser signal current in photodiodes; JPS,JPT
Due to scintillation, the laser signal has a
statistical variation and for both JPS,JPT;
mean value = m standard deviation = og

® Curvent genera%ed due to background ilTumi-
natfon; J1,J2,J3,54

o Curren® through PN junction of solar ceil
photodiode; JA,JB,JC,JdD

@ Shot noise current generated due to current
through PN junction; JINOA,JNOB,JINOC,JNOD
mean value of noise=v standard deviation=o¢
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® Photodiode junction capacitance; CJ1,Cd2,
CJ3,Cd4=3nf o

® Reverse biased leakage resistance;RP1,RPZ,
RP3,RPA=2Ka

‘® Series resistance due to Tntrinsic bulk
material of the photodiode and the circuit
loads; RST,RS2,RS$3,RS4=14n

® Damping resistance for control of transient
response: RL=1Kq

@ Inductance to reduce dc current through PN
Junctian of photaodiode; LT=3ph

® Resistdnce of {nductance; RC=Q,50

@ Coupling capacitor CX=.2uf

® load resistance; RLL=2000

® Anplified signal voitage; ET=100VRLL

@ Noise voltage in ampiifier; ENOA
mean value=o standard deviation=2.7volts

[ énterna? series resistance of ampTifier:
T=1q

® Parallel capacitance and resistance used
to simuiate the amplifier bandwidth;
Cl=1pf RLF=200g

Figure 3,



For a 5-watt laser, the results of
these runs are shown in Figure 4, Sun
currents J1 through J4 are functions of the
receiver optics, visibility, and orientation
of the detectors with respect to the sun.
Assume one orijentation for all computer runs.
The laser beam is attenuated by the trans-
mitter and receiver efficiency factors, and
subject to the atmospheric channel effects.
The beam irradiates two of four detectors.
The signal-to-noise ratios plotted represent
peak current to rms noise current values.

No consideration has been taken as to the
effect of visibility on sun current.

Pulse detection occurs if the peak
value of the signal current generated by the
Taser pulse exceeds a predetermined value
or threshold. The threshold setting also
determines how often a noise spike will be
incorrectly interpreted as a puise. The
probability of this occurring is called the
probability of a false alarm. The higher
the threshold, the less Tikely a false alarm,
but also less 1ikely is the probability of a
pulse baing detected. Figure 5 shows the
probability of detection, Py, versus sun
current, range, visibility and threshold
Tevel. The threshold to noise ratio, T/N,
can be set to any desired value, and de-
Eﬁrmgnes the probability of false alarm,

a.

DISCUSSION

The circuit considered in this example
was four parallel solar cells connected to
an ampTifier. The output of this amplifier
is applied to a threshold detector and sent
to a digital decgder. This paper was a
study of only the communication channel and
the detectors, hence, an ideal threshold
detector has been assumed. The only system
degradation considered is the scintillation
of the atmosphere through which the signal
traveled and the additive shot noise gener-
ated in the solar cell due to background sun
Tight. A typical noise value was used for.
the single stage amplifier. For the usual
applications of solar cells one would expect
significantly higher values of sun generated
current, but for this application this cur-
rent s assumed limited by a passband opti-
cal filter centered upon the laser wavelength
0. 904um.
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Figure 4 shows the variation of the
average signal-to-noise ratio for various a-

mounts of sun current generated shot noise.

An average signal value was obtained by cal-
culating the amplifier peak signal output

when a pulse from a 5 watt laser was trans-. =~

mitted through a scintillating, attenuating
channel, and then averaging the peak values
over a large number of separate pulses.

Each detector was treated statistically inde-
pendent for both the scintillation effects
and the noise. The noise values were ob-
tained by calculating the rms value of the =
amplifier output with no signal applied. The
average signal-tc-noise ratio remains very -
high even for lower visibiiity conditions. It
is only under the most sever visibility con-
dition at the longer ranges does the noise
and scintillation give unacceptabie signal to
noise ratios. For the most part, the ratio
is more than acceptable.

The graphs in Figure 5 iTlustrate how
the probability of detection varies with
range and visibility conditions. These .
graphs also reflect the high signal to noise
ratio. The probability of detection remains
at almost 100% except for the most adverse
conditions. This high-detection probability
would increase further if additional solar
cells were illuminated-by the same pulse. The

“additional cells must be spaced sufficiently

far apart {usually greater than 8 cm) so that
they can be treated as statistically indepen-
dent. The probability of signal detection

can be increased even more by the use of 3
coding for single and/or multipie pulse error
correction. Because of the very favorable
signal-to-noise ratio, the threshold value can
be set high which in turn makes a false alarm
very unlikely.

CONCLUSION

The SCEPTRE package provides the ability
to describe analyticaily, through the use of
FORTRAN IV subroutines, the effects of an
atmospheric communication channel on laser
transmitted signals, "It also provides ease .
in the modeling of the laser signal detectors
including the various types of noise which
occur. The results of the simulation of the
channel and the sensor electronics suggest ..
that a number of inexpensive solar cells can . _.
be connected to a single pre-amplifier and
still provide viable signal to noise charac
teristics. -
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The above curves show the variation of average peak signal to noise ratio as a function
of visibility and range.: For all the above cases the scintillation value was taken to

be the worst case saturated value Ln 2, for a divergent laser beam.

Figure 4,
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The above graphs give the probabiiity of detection, Py, of a single pulse as a function
Three visibility conditions are shown, the saturated scintillation condition

Reading from left to right, the sun background generated increases
From top to bottom the sun current

of range.
is used for all cases.

while the threshold to noise ratio is held constant,

is fixed while the threshold to noise ratio is increased.

Figure 5,
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