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Optimal Recognition Algorithm for Cameras of
Lasers Evanescent

T. Gaudo *

Abstract—An algorithm based on the Bayesian approach to
detect and recognise off-axis pulse laser beams propagagjrin the
atmosphere is presented. This method optimises the off-axi
measurement of pulse laser with low energy level by ultra fas
cameras.

The performance of this technique is validated with simulagd
signals obtained from array sensor.

Index Terms— Array, Bayesian, detection, laser, sensor.

INTRODUCTION

As lasers are coming into more and more widespusadn
target-designation, countermeasures, range findimd,
surveying operations, the potential for accidedtahage to
human eyes or sensors on the battlefield incretséal
indications are off-axis laser beam detection shoresise
for use as an early laser warning system.

The laser beams can indeed be off-axis detected whe
propagating in the lower atmosphere by their sdatigrack
on natural aerosols [1]. In the last years, sevabaratories
have conducted studies to detect off-axis non eijye
pulsed laser beams in the lower atmosphere.

A problem of interest in laser imager processing occu
when Signal to Noise Ratio is very low. For instance, for
sub-optimum leading-edge level detection procedure, tigen
may increased the probability false alarm (pfa) if the lesel
low.

To decrease the pfa a Bayesian approach is used in which

probability density function (pdf) for the signal amplieids
used as prior distribution in determining the pdf for sigpiais
noise [2].

This paper describes an analytic model of scattigat
under different atmospheric and angle conditiors 8D
geometry, giving the photometry, the geometry dred t
temporal parameters of the detected signal.

Then, to evaluate the detection technique, a coenpaide
is developed.
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Following this theoretical part, simulations in tisible and
near infrared bands are presented with a kilomstdde of
free laser propagation. The technique developethfsr
purpose confirms a pfa reduction that allows tpriowe Off-
Axis Laser Warning detection.

In section 2, an analytic model describing thesids/of the
detection is presented. Section 3 is devotedeitiulations
and detection analysis. Section 4 summarizescandudes
the discussion.

LASER DETECTION MODEL DESCRIPTION

The objective of the model is to calculate the peai@rs of
the light scattered by a pulsed beam onto atmospdenosols,
in order to estimate the potential performances dédicated
warning sensor. So, the power received on a 2&yarfr
detectors is calculated, coming from the scattbesin, the
geometric image of the beam on the focal planeyaarad the
time and duration of the pixel illumination. Thisexgy is
assumed to be detected by a 2D-array sensor.

Photometry in 3D geometry

Considering the laser beam and the sensor in ae8bhetry
asin Fig. 1. O is the center of the detectioncsp® is the
source of the laser beam : D = OA. The orthogoisthdce

'fom O to the beam is : d = 0B. M is a point on team,
Bbserved with an anglefrom O, in respect with the source

direction.0 is the angle between the observation axis and the
beam . A is observed with an angédrom 0.6, is the angle
between the observation axis and the beam. Thebasen is
deled as a thin line, i.e. the image of its riggttion is
smaller than the pixel in the focal plane.

The atmospheric parameters depending on altituate h
a(h) : absorption coefficient (i), assumed to be constant on
the beamp(h) : scattering coefficient (%), assumed to be
constant on the beam. The scattering distribusagivien by
the phase functioh(8,h) . A is the sensor collection area, E
is the pulse energy.

Pe(t) is the time dependent transmitted power efdbker.
Pe(t) is supposed having a gaussian shape witdf aitith 1.
Time origin t=0 is set at the center of the pulse.

2
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2 ()= Ee—,|= exp - 8— ®
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Figure 1 Detection geometry — 3D and plane view

The incident laser power at M is expressed as :

M=% " Dexf-{a+aad) e

The scattered power at M by a beam element of thedigtin
the direction@ into a solid angledQ s :

dR)! ()= B (1)BpQ dL (3)
Geometric considerations as in Fig. 1 give :
—  ABct
‘AB j
MO =AO -AM (5)
h=0Mk (6)
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@ =arcco @ (7)
o [~e]
y=0-6 (8)
. Accos(yo+y)
=k ¥

The cosine term comes from the field angle betviken
scattered beam and the optical axis.

(10)

After propagation from M to O, the received powethe
sensor aperture, coming from the beam in the dineétinto
the angle elementyds :

[v9)

dljrvI (t)= Fg\ (t_T )exﬁé_{a‘*ﬁ}H—NW) (11)

By replacing the expressions (2), (3), (4), (5),(@®. (8), (9),
(10) into (11) the power received on O becomes :

RO pp (1-roypp etV O
! o]

6(0)= exe{-{a+ g} ] +[j]

(12)

with the arrival time on the lens :
|AM] +Mo]

In =
0 C

(13)

The optical parameters depends of the instrumental
transmission factor;, of the focal F, of the optic modulation
response and of the array dimension.

Considering the detection plane parallels to tlael
formed by the sensor input lens, the vector dngwine laser
trace on the array is expressed as :

OF=—'_(OM 1 OM] OM k) 14
OM j
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with (12) and (14) the power received on the deteglane is :

RO 78 (- roypp R0 N
! o

(15)

6= exe{-{a+ g} ] +[jc] )

By considering the quasi-perfect objective, thaopt
modulation response is a spot of Airy. The georoetfiorm of
this response can be approached by Sp a circufacsuof
angular g radius limited by solid angleq (9). Surface lit
according to direction x and y in the array plasie i

Sy (x-Fy)=1

if arctar(ij + arctarEXj < g< d—Q
F F 2
Sy (x,—F,y)= 0 elsewhere

(16)

With (16) laser trace drawn on the detection pldr®
becomes (* convolution operator) :

dR (1) _ dF (t)g
dt d P (17)

Detection plane dimensions describes by a matrixagbof
Nsi pixels in vertical direction N pixels in horizontal
direction. the pixels are of width Igis, lengt. IFrom these
parameters the laser trace imaged by the arrapisens
expressed by :

dR (t,m,n):
dt
| .
sit gis
> oy [ | dFF (t)dxdy|d( F)
m:0 n:0 |S|t |g|s
=St xq =28
2

(18)

its spatial sampling step if one considers the akite lens in
the array center and the located pixel (m, n) 8)(placed as
shown in the Fig. 1 is:

N ..
nodNos),
(xn) 2 2
Fn = =
Ym

Ng; 1
(—;t -m _Ej it
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(19)

An electronic device, connected to the array sensor
amplifies filters and samples each pixel. The deteistic
signal at the output of filter modeled with the Hitilse
response is assumed to take the form :

V(t,m,n)= H(t,m,n)*R (t,m,n’ (20)

Electronic signal from each pixel line is processedne
channel data sampler working at The V signal provides the
amplitude evolution of received power for differgitels in
vertical and horizontal plane. This signal imagiager spot on
array sensor is written :

N-1M-1
V(KTs)=>> > V(kTgm,n) (21)
n=0m=0

This electronic architecture decreases processimgyand
answer to real time need of the laser detectiotesys
It provides in real time the index of the mostritlmated pixel
as well as the starting time of illumination of skeepixels.

However, with this electronic device, amplitude lesion of
a individual pixel becomes inaccessible and no&&nce is
increased of a factor MN (pixel number). That magreéase
the performances of the Bayesian detection, bahgty
reduces the data flow to be processed, answerirgpteime
goals of a laser warning system.

Description of the Bayesian detection technique

The detection technique is based on decision teihe.
The problem is to select, using a window slippif@e
samples, one of both hypothesis :

— H::Thereis alaser in camera field.
— Ho: There isn't any.

With 21 and U-sampled temporal vector (window size)
t =[~tm, Ts—tm-.( U=1) Ts= t ] the hypothesis
as expressed (vector in bold type) :
- Hi:Z=Agv+w

- Ho:Z=W

(22)
(23)

where w is a white noise with centered normal pdf
/l/(awz, 0). andAg is the maximum amplitude of

normalizedV attimety,.

The decision criterion between Hnd H is constructed
with Bayes risk function. This function verifiesainthe
detection is optimal with the likelihood ratio :

N(2) = M = {:77 then selec{:O

(24)
p(z|Hp) 1
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where, with 22 and 23, With expression 27 and the assumption made ondfse hit
comes :
exp lz=Aov|? I(2)~ A/ (~SNR||V[* ,2SNR|v|* ) under
2 (30)
p(z|H)= Fw 25) I(z)~ A (SNR|V[* ,2SNR|v|* ) under i
(Zmz )U where SNR signal to noise power ratio at filter output is
w _ _
defined bySNR2 2A% V] /a2 (V] root mean
and, square (rms) value).
2 .
”Z” Equations 28 and 29 become :
exp 5
Ow (26)
Pz1+o)= 2\V pfa=1- erf y+SNRHvH2
(2% ) J2SNR|V|
(31)
The decision criterion 24 becomes the logarithmic d=1— erf y—SNRH\/H2
expression : pa=1-ern —f—m———
P J2SNR|V|
I(2) =In(A(9) =
5 > Hq where erf is the error functiog, - ¥, J/\/; exp(_| 2/2) o
|2”~lz=AoM" ) > | (27)
- In(m) 2y | -
Oy < Expressions 28 and 29 allow to plot receiver ojegat
Ho characteristics (roc) to select theoretic valieThese curves
This expression more simple which has the samegpties ~ show the detection performances of algorithm witfecent
than 24 is a likelihood test between signals reedrand signal models simulated.
simulated.

Equation 24 suggests to use Neyman-Pearson tesh[8h
takes into consideration the pfa and pd (probatilit
detection) to determine the lev¥l. From 27 , it follows SIMULATIONS AND DETECTIONANALYSIS

directly that : ] ]
Simulation parameters

+00 The goal is to validate the Bayesian laser beamctien
pfa= j p(l] Hp)dl (28)  model by simulated field trials. This base allowedieal with
y kilometric propagation and detection distances.
. The pulse is generated by a laser, emitting eithaear
—[™ Infrared (IR). The pulse duration is around 10Tt laser
pd -[y pdl g! )l (29) propagates freely over a controlled distance af2nkth a
divergence less than 1mrad. The scattered beartidete
under specific atmospheric conditions can be evetuaith
off-axis observation angles from 5 to 90 degrees.
likelihood ratio 1(Z) when Hj is true. The laser beam warning sensor. comprises a foaakpl
array (fpa) 8 x 8 of IR photodiodes. A f/1 plamgex single
lens focuses the beam on the fpa. The field of \(few) is 16°
x 16°. The pixel fov is 2°.
Electronic signal from each pixel is amplified isMHz
band and the channels are sampled at 100MHz fer r@al
operational use.

In 28 and 29p(l | H; ) represents pdf of logarithmic
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Above three sets of numerical models is presented,
summarized in Table | and Fig. 2. For each set, &nd thus
B, andy, are given. For each set, summed signals (21) are
simulated in stable atmospheric conditions. Theoaphere
parameters are derived from Fascode data for aneoréal
climate, 30 km visibility.

Position| D(m) | d (m) 6,(°) |vo(°)
A 1000 | 100 2 -10
B 1500 | 200 4 -11
C 2000 | 250 8 -12

Table | — Geometric parameters of field observation

laser beam

Figure 2 - Observation geometry

Values ofy, are smaller than the half field of view, so that
laser source is observed.

For each of the three points of observation, incidige of a

laser source placed at 200 m of altitude, the sitedl signals
are presented in Fig. 3.

Sirnulated signals
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Figure 3 - Simulated signals with316T=160ns (acquisition

time) and t=4T=T./4=40ns (delay time of envelope max) .
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Fig. 4 illustrates pfa and pd evolution according/tfor a
value of SNR, two.tand position A.

Pd is equal to 1 foy>0. The performances of detections
are not very dependent on the delay /4 or t,=3*TJ/4)
between acquisition window and signal, in the azfsgptimal
recovery (overlapping superior to 50%).

Pfa has an instantaneous variation from 1 to Oratgufor
all snr values, in the case where the signabism
acquisition window (tm< -Ta/4) . This propertydes to

choose)y always higher than 0 to ensure a very weak pfa.

Pd and pfa variation for different acquisition window delay

T
| =& pd
| —o— pfa [T

Probahilty
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Figure 4 -Pd for t=T./4 or t=3*T /4 pfa :for t,<-T./4
according snr=18dB and position A.

Fig. 5 makes it possible to determine the leyfptimal
for a pd=99.9 according to SNR and simulated dggna

y =1.8 is the optimal threshold which ensures a98dg-and a
pfa near to O for the three positions of laserseand snr
near to 10dB.

Detection level versus SMR for Pd=55.9%

SNR(DE)

Figure 5 - ¥ maximum value ensuring pd=99.9% feeT./4
or tw=3*T /4 according to snrand positions A,B and C.
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This Bayesian method has performances much higher t
the technique of detection per threshold. The Hafives
results satisfying for position A only starting fncsnr of 40dB.

Detection and recognition algorithm 27 runs ireland
processes into continuous permanent samples fédweded
by camera. Its computing power around 600 M Fieps
adapted to current processing systems.

ConcLusion

The model derived analytic formulas for computiagay
sensor power of backscattered light incoming feobream
propagating in the atmosphere, has been developa@D
geometry.

Off-axis laser camera detection performances oares
calculated for different observation geometries and
atmospheric conditions.

Using a generic sensor array, field trials is carted for
validating Bayesian detection algorithm. Simulaticesults
allow to set correctly algorithm and optimise presiag time.

The model is therefore able to predict Bayesiaect&in
performance in many operational situations andbzan
extended to different cameras.

In the near future, the algorithm will be improesd
validate with signals bank based on many more géigne
conditions and for very different atmospheric citinds.
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