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Abstract: In the topic of 2D active imaging systems, two
technologies exist for image acquisition. The flash mode
consists of a very short and intense laser shot, associated
with a short time integration of the sensor (range of hun-
dreds of nanoseconds). The second is the cumulative mode
which consists of the integration of many low level energy
laser pulses over a long-time integration of the sensor
(range of tens of milliseconds). Cumulative mode systems
have existed for a long time in the near infrared band. But
for the past few years, new sensors are available in the short
wave infrared (SWIR) band. Cumulative mode in the SWIR
band can provide 2D active imaging systems with very low
risk considering the eye safety aspects. Moreover, with a
similar design, cumulative systems can overcome the range
of flash systems, thanks to their ability to average turbu-
lence effects over the sensor integration time. So, in this
paper we have proposed a scintillation noise comparison
for each mode. First, we exposed the two types of available
models, a numerical model, used for image generation. Sec-
ond one, an analytical model, used for a quick evaluation
of the design of a 2D active imaging system. Both models
were compared, especially in their area of validity. Then for
a specific scenario, we estimated the gain in term of range
performance between a cumulative and a flash system.

Keywords: 2D active imaging; integration time; laser
propagation; modelling; range performance; scintillation;
turbulence.

1 Introduction

Délégation Générale de I’Armement (DGA) is mainly inves-
tigating in 2D active imaging systems for long range target
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identification, especially during night operations when

visible electro-optic (EO) systems are not efficient (Figure 1).

The task of target identification (ID) is better carried out by

an active sensor compared to a thermal sensor [1] because of:

1. the lower wavelength which provides a higher optical
resolution

2. the wavelength bands used (0.8 x and 1.5 x um): the
active imaging allows to see the reflective contribu-
tion of materials, providing images that look a lot
like a black and white visible image. The ability to
see paint patterns then allows easier target identifica-
tion. The contrast is higher than in IR band (mid wave
infrared [MWIR] and long wave infrared);

3. they can provide better contrasted image in poor
weather and obscurants compared to passive systems.

One of the disadvantages of such systems is they are non-

covert. Operational use has to be defined in accordance

with the threat, especially when they are equipped with a

laser warning system (LWS).

Speaking now about performance, one of the main
limitations for long range ID task is the atmospheric
turbulence [2, 3]. As for every EO imaging systems, they
can be affected by atmospheric turbulences, but active
systems are affected twice:

1. On the way back (target to receiver): as other passive
imaging sensors, the image is degraded by the turbu-
lence blur (anisotropic deformation). This effect gets
stronger as the field of view gets narrower (below 1°),
which is the case for long range ID performances.

2. On the way forth (laser to target): because of laser
coherence, the turbulence will add up a scintillation
effect, resulting in a non-homogeneous laser illumina-
tion on the target plane (Figure 2, middle). This is an
important effect to be modelled because it is usually
the first parameter that will limit the target identifica-
tion range, especially in ground to ground scenario. It
results in a spatial and temporal noise on the image.

The final scintillation noise observed by the active system
(or effective scintillation index) is a combination of the
scintillation pattern convoluted with the turbulence and
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Figure 1: Benefit of active imaging sensors for target ID, especially in night operation. Every picture contains two military vehicles. Left
column shows images of targets under daylight in MWIR, visible and active SWIR band. Right column shows images of targets under

moonlight in MWIR, intensifying goggles and active SWIR band.
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Figure 2: Turbulence effects on 2D active imaging sensor. Left: ideal image of the target. Middle: target image modulated by the laser
illumination and the scintillation effect. Right: target image seen from sensor side (including anisoplanatism effect and sensor’s MTF).

the camera response, e.g. optic and sensor modulation
transfer function (MTF).

The gated imaging technologies can be divided into
two distinct classes; single-shot, or flash imaging sensor,
and multishots or cumulative imaging sensor. Single shot
imagers capture the returned light from one single light
pulse and forms an image, while multi-shot imagers inte-
grate light from several returned light pulses in each image
frame.

For flash system, the scintillation noise is the first
parameter limiting the image quality. One of the most
common image processing algorithm used to reduce it is
frame averaging (Figure 3).

For cumulative system, the scintillation effect is nat-
urally averaged, because of the longer time integration
compared to flash systems (about tens of milliseconds

for cumulative system versus a few hundreds of nanosec-
onds for flash system). So cumulative systems can provide
a higher range ID performance compared to flash system,
at equal system design (same energy collected per frame,
same optical receiver and sensor). The temporal correlation
of the scintillation is directly linked to the relative time evo-
lution of turbulence layers between the imaging system and
the target. This not only includes the transverse wind but
also the transverse displacement between the target and
the imaging system during the integration time in case of a
dynamic scenario.

For the evaluation of active imaging range perfor-
mance, DGA has several modelling tools. Some are specific
to the turbulence effect, including the scintillation. They
have been developed by Scalian and Onera. In this paper,
we exposed:
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ged image

Figure 3: Flash imaging at 1.5 um of target and chart bar panel, at a distance of 3.5 km with a field of view of 4 x 3 mrad. Top: close up image
in the visible band. Left: target single image for the SWIR active system. Right: averaged image of the target (over 30 single images).

1. the way scintillation noise is taken into account in
DGA simulation tools;

2. results coming from simulation tools to estimate the
relative expected gain in signal noise ratio (SNR)
between an active imaging system at 1.5 um work-
ing in flash mode and cumulative mode based on the
same characteristics.

2 Scintillation noise in modelling
tools

DGA developed several tools and skills for 2D active

imaging assessment:

1. by analytical modelling, for predicting target acquisi-
tion performances;

llluminated surface

Point source or laser source

Figure 4: Principle of the screen phase propagation algorithm with
the ‘frozen’ turbulence hypothesis.

2. by image modelling, through different tools, making
an end to end model.

Specific work has been conducted from 2010 up to now for
the restitution of the turbulence effects (scintillation and
anisoplanatic deformations) that affect flash and cumula-
tive laser imagers with narrow field of view.

Most of the studies and prototypes are focused on
flash systems at the eyesafe wavelength of 1.5 um. But
recently, new short wave infrared (SWIR) sensors started
to be compatible for a use in cumulative mode. This mode
has been widely used for 2D active imaging systems, using
ICCD sensors, but limited to the range of near infrared
band (800-900 nm). The advantage of the cumulative
versus the flash mode in respect to the turbulence is the
reduction of the scintillation effect. Indeed, the flash
mode involves very short time integration (about 10’s of ns
up to 100’s of ns). During this time, the temporal evolution
of turbulence cells is frozen. This is not the case with the
cumulative mode, it involves time integration in the order
of tens of milliseconds, so the illumination pattern is aver-
aged during the sensor time integration due to the natural
turbulence layers convection movements, the transverse
wind, and the relative displacement of the laser/target.

2.1 Numerical modelling tool

The numerical model, called IMOTEP (Instrument de
MOdélisation de la Turbulence par Ecrans de Phase) is
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based on the phase screens method, running on GPU card
for fast calculation and rendering time [4-6]. IMOTEP is
developed by Scalian, under DGA fundings. The phase
screens propagation algorithm is based on the hypothesis
of the ‘frozen turbulence’ i.e. very short time integration
(Figure 4). One propagation of the electromagnetic field is
done through the different phase screens to compute the
laser illumination (or scintillation map) on the target plane.

IMOTEP scintillation maps have been validated using
the theoretical expression of the scintillation index (SI) of
defined by Andrews [7]. Scintillation index corresponds to
the variance of the illumination map, when the map has a
normalized value of one:

aep)
I(2))?

o7(2)=

IMOTEP takes into account inner and outer scales of the
turbulence (1, and L) which impacts the value of the scin-
tillation index. Simplified models neglect them (Kolmogo-
rov spectrum of the phase variation density) which leads to
under-estimating the scintillation index. Figure 5 shows the
evolution of the scintillation index of a spherical wave as
defined by Andrews with and without the scales of the tur-
bulence spectrum. They are compared to IMOTEP outputs,
setup with the definition of the turbulence scales (L,=2m,
1,=1 cm). IMOTEP outputs come from an averaged value of
100 scintillation maps for each distance step (dz=250 m).

IMOTEP outputs fit the theoretical scintillation index
with the definition of the turbulence scales. The light dif-
ferences can be explained by the finite size and the resolu-
tion of the phase screens.
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Figure 5: Comparison between theoretical models of scintillation
index in spherical case (red dots curve: scintillation index under
Kolmogorov phase spectrum assumption — green dots curve:
scintillation index under von Karman phase spectrum assumption)
and IMOTEP outputs (blue curve). Results are for a constant
turbulence strength of Cn?=5-10"% m2/> at 1.06 um.
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Analytical models are usually limited, describing the
effect of the turbulence in the weak regime of the turbu-
lence, because they are based on the Rytov approximation
(scintillation index <1). The advantage of phase screens
model is to reproduce scintillation effects above the weak
regime.

To be a representative of the cumulative mode, the
algorithm has been modified; a relative transverse dis-
placement of the phase screens is produced during a
given integration time. This displacement is calculated
considering:

1. the target and/or sensor movement (case of tracking a
mobile target for example);
2. the wind speed.

Then, several propagations of the electromagnetic field
are carried out, and individual laser illumination maps
are summed in the intensity field. Between each propaga-
tion, the screens are slightly shifted according to the rela-
tive transverse wind speed and their position in the line of
sight (Figure 6).

Figure 7 illustrates the impact of different transverse
wind speeds for a fixed integration time and laser pulse
frequency. Four scintillation maps are displayed with
the associated scintillation index (S.I.) measured on the
image. They have been produced under the hypothesis
given by Table 1 and are all normalized in terms of energy.
Those scintillation maps have to be seen on the target
plane.

In this scenario, one video frame integrates 40 laser
pulses. The case ‘0 m/s’ corresponds to a flash system.
As expected, the integration process tends to smooth the
scintillation pattern in the direction of the wind. Conse-
quently, it reduces the scintillation noise.

Then, the sensor will help reducing this effect indeed,
the optic resolution and sensor sampling, depending
on the scenario, will reduce the scintillation. This is
illustrated by adding the sensor effect defined in Table 2
on each scintillation image.

The results of Figure 7 have been updated in Figure 8
with the sensor effects. Based on the inputs of Tables 1 and
2, we plotted Figure 9, the evolution on the scintillation
index measured after the detector plane for different
levels of turbulence (Cn?) and transverse wind speeds.
Each point came from a set of 100 scintillation maps gen-
erated by IMOTEP, post-filtered with the representative
MTF of the optic and sub-sampled in accordance to the
sensor pitch.

The dotted line curve corresponds to the scintillation
index for a spherical wave in the target plane. We can
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Figure 6: Principle of the new phase screens propagation algorithm outside the ‘frozen turbulence’ hypothesis: use of the ‘frozen propagation
method’ N times. Between each individual propagation, the phase screens are slightly shifted according to the transverse displacement.

Table 1: Simulation inputs for time integration effect.

Parameter Value

Distance 2000 m
Wavelength 1.55um

Field of view (Hx V) 4% 3 mrad
Frame time integration 40 ms (<25 Hz)
Laser pulse frequency 1 kHz

Pulse length 100 ns
Turbulence scales L,=2m-l;=1cm
Cn? (horizontal propagation) 5.107% m2/3

Table 2: Simulation inputs for time integration effect with sensor
effects.

Parameter Value
Pupil diameter 10 cm
Focal length im
Pixel ifov 25 urad
Pixel sub sampling factor 8

clearly see how the wind speed helps reducing the scintil-
lation noise.

2.2 Analytical modelling tool

Besides, the numerical model, we used an analytical
model, provided by Onera, for the calculation of the scintil-
lation index seen from the sensor side. Its advantage is the

computing time. The drawback is the limitation to the weak
regime of turbulence. This model is used in the analytical
performance model for fast and preliminary estimation of
the range performance of 2D active systems. This model is
based on Onera’s work [8] and adapted for DGA purposes.
It involves a fully theoretical model of the power spectral
density (PSD) of the scintillation index, only valid in the
weak regime, with several filtering terms like:

1. The extended size of the source

2. The temporal and exposure time effect

3. The spatial filters of the receiver (optic, sampling).

This scintillation model is provided for spherical wave, and
based on the von Karman DSP of the refractive index, so
the inner and outer scale of the turbulence are taken into
account. The spherical wavefront model is taken, because of
the use of divergent laser for 2D active imaging system.

Without going into details, we can calculate the bidi-
mensional scintillation spectrum at the detector plane,
including all the spatial filtering functions starting from
the isotropic spectrum of scintillation (target plane):

PSD (k. , k )=270.033k> x
XS X y 0

Bl

2 -5/3
k Ll L-2)k?
xexp{—( L oj }X(L) sin2 E& dz
591z z z 2k,
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Figure 8: Scintillation map function of the relative wind speed (detector plane). Each map has metric scale axis. The map size is 4x3 m.
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with the optical wavenumber: k0=27r//1, the source point
(laser) at z=0, the target plane at z=L, and the spatial
frequencies: k = 277{; k,= 2731 and k? =Kk’ + k;.

The scintillation index is given by the integration of
PSDX:

ol = 4.[_([PSDZ(kX, k )dk dk,.

The effective scintillation index is given by the inte-
gration of PSD, with an additional filtering term:

2 v(2))-dk dk,.

’
filter exp

o} =4[[PSD (k , k )filter(k , k , ¢
0

The term filter (k,, ky, t_, v(z)) contains two parts:

exp’
filter(k,, k , t,_, v(2))=

filterexp(kx, ky, t..» v(2))xfilter  (k , ky)

exp’

1. Exposure time filter, for a wind across x axis:

sinc| ——=2
filter, (k,, k,, t, ,v(z)=———"—+""

v(z)

with the exposure time: Lo and the transverse wind

profile: v(z)

2. The different spatial MTFs impacting the image qual-
ity. Usually there is the turbulence, the optic, stabili-
zation and sampling MTF:

filter,

MTF

(k. k)=MTF?  xMTF’ xMTF’  xMTF?

samp *

Using the inputs from Tables 1 and 2, we give in Figure 10,
the evolution on the scintillation index measured after
the detector plane for different levels of turbulence (Cn?)
and the transverse wind speeds coming from the Onera’s
analytical model.
By comparing the results between the numerical and
the analytical model (Figure 11), we observed that:
1. The two models give very similar results in the weak
regime of turbulence.
2. Above the weak regime of turbulence, the analyti-
cal one will overestimate the effective scintillation
noise.
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Figure 9: Scintillation index evolution depending on the turbulence
strength and the transverse wind speed for the numerical model.
The dotted line curve ‘Os_theo’ corresponds to the theoretical S.I.
in the target plane for a spherical wave. The three solid line curves
correspond to the effective scintillation index (detector plane) for
three levels of wind speed.

If no care was taken, the analytical model could give totally
wrong values for strong levels of turbulence, because the
result will tend towards infinity. So, we slightly modified
Onera’s model in the following manner:

1. The unfiltered scintillation index in spherical wave is
calculated through Andrew’s law [7];

Then, if the filtered scintillation index calculated
by the analytical model is higher than predicted by
Andrew’s law, we limited the output to its value.

N

3 Performance comparison

After the description of the models of the scintillation
noise, we want to use the analytical one for a short com-
parison of rough range performance between a flash and
cumulative 2D active imager.

For that, a simplified model of range performance
is based on the SNR calculation at a specific spatial fre-
quency. The global expression, similar to the historical
Johnson model, is used:

SNR(f) = MTE(F)-23_

'2
OS

with:

1. f: spatial frequency in (cy/rad) or (cy/m)

2. MTF: represents all the MTF contributors. Here we
took the turbulence short exposure, the optical
(diffraction) and sensor sampling MTF
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Figure 10: Scintillation index evolution depending on the
turbulence strength and the transverse wind speed for the
analytical model. The dotted line curve ‘Os_theo’ corresponds to
the theoretical S.I. in the target plane for a spherical wave. The
three solid line curves correspond to the effective scintillation index
(detector plane).

3. AS:signal difference, expressed in electrons, between
the target and the background
4. 0%:noise variance coming from AS

The scintillation index o corresponds to the normalized
noise variance of the scintillation. Thus, the noise vari-
ance expressed in electron o° is simply defined by:

I electron

2 2, 2
(0] = =
I electron 01 ne

with ne, the number of electrons coming from either the
target or the background. The noise is then directly related
to the level of laser power deposed on the target and the
background. [9] gives a more exhaustive description of the
SNR. We adapt it to two main sources of noise: the scintil-
lation and the read out noise.

SNR(f, z) = MTF(f, z)x

| neback (Z) B netarget (Z) |
2 2
ne’  (z)+ne’ (z)
2 2 back target
\/Gm + GIfilter (Z) ( 2
with:
ne. .: number of electrons issued from the back-

back®
ground (electron)

ne, ... number of electrons issued from the target
(electron)
o’ . :noise variance from the background (electron?)

back

o’ :noise variance from the target (electron?)

0%:?: : Effective scintillation index

afo : read-out noise variance (electron)

The comparison is made on the same design of the
flash and cumulative 2D active imaging system (Table 3). It
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Table 3: Inputs for the working mode comparison and associated
ranges.

Parameter Value
Sensor
Quantum efficiency 0.25
Photon-electron gain 200
Read out noise 50 electrons
Pixel size 15 um

40 ms for cumulative mode
10’s ns for flash mode

Time integration

Optic
Pupil diameter 10 cm
Focal length im
Laser
Energy per video frame 10 m)
Divergence 15.4 mrad
Wavelength 1.55um
Target
Background albedo 30%
Target albedo 50%
Number of bars 6
Target size 2.3%x2.3 m?
Atmosphere/turbulence
Extinction 0.1 km™?
Inner/outer scale l1cm/2m
Cn? (horizontal propagation) 5.10"% m=3
Wind speed 2-5-10m/s

is fair to claim that energy per frame can be equal between

each technology. Today SWIR laser diode stacks can work

on the level of kW with a quasi continuous wave (QCW)
regime, providing similar energy as OPO SWIR laser over
one video frame integration [10], and even more.

Figures 12-14 present the results of the SNR versus the
distance for level of transverse wind speed. For each of the
three cases, the following SNR curves are displayed:

1. the unfiltered scintillation index (red dashed curve).
It corresponds to the worst case in terms of range
performance;

2. flash mode, i.e. very short integration time (solid red
curve);

3. cumulative mode, for a 40 ms time integration (solid
blue curve);

4, no scintillation effect, i.e. aiﬁm(z):o (solid purple
curve). It corresponds to the best case in terms of
range performance.

We made the same observation as we did at the end of the
Section 2.2 Analytical modelling tool; as the transverse
wind speed increases, the range increases for the cumu-
lative system due to the reduction of the effective scintil-
lation index. Let us define a SNR threshold of 3 for the
range performance. From the previous results, we plotted
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Scintillation index
way back (target => receiver) : numerical modelling vs. analytical model
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Figure 11: Model comparison of the effective scintillation index as a
function of the wind speed and the turbulence level. The dotted line
curves are issued from the analytical model. The solid line curves
are issued from the numerical model. The orange point curve is the
theoretical unfiltered scintillation index. The purple vertical line
symbolises the limit of the weak regime of the turbulence.

Lambda : 1.55 pm - Dpup :0.1m-D,y :0m-Focale:1m

Higser = 1.5 M - Hy oo = 1.5 m - Pixely : 15 um - C,2=5e-14m-2/3@1.5m-T.L. =0.04 s - Vent =2 m/s
T e T T
— — = SNR no receiver MTF
10" P Flash case (TI=10sns)| |
ek i Accu. case (Tl = 40 ms)
o ~——51=0
e -
o —
&
100
1 0—1 L L L L
500 1000 1500 2000 2500 3000

Distance (m)

Figure 12: SNR results for transverse wind of 2 m/s.
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Figure 13: SNR results for transverse wind of 5 m/s.
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Figure 14: SNR results for transverse wind of 10 m/s.

in Figure 15 the range gain ratio of the cumulative mode

compared to the flash mode as a function of the transverse

wind speed (red solid curve). The maximum gain was
given by the ratio between the curve without scintillation
effect and the flash mode curve. This maximum gain was

close to 1.7 (green dashed curve). In this scenario, for a

same design (same aperture and laser energy per frame),

the cumulative system has a range performance 50%

superior to the range of a flash system, as the transverse

wind speed is in the order of a few meters per second.
Remarks:

1. the analytical model might over-estimate the effective
scintillation index. That means the red curve of the
gain in Figure 15 can have a lower slope;

2. we assumed fully coherent and punctual laser source.
Depending on the definition of the optical transmitter
(direct emission or use of optical duct or micro-lens

1.7 T T T T T T T T

Range gain
- N N - -
(M) w EN o o
- . . T
" L "

—_
-

1 i i i i i L L i i
0 1 2 3 4 5 6 7 8 9 10
Wind speed (m/s)

Figure 15: Gain of range performance for the cumulative mode
compared to the flash mode (red curve). The maximum gain tends to
1.7 (green dashed line).
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to shape the beam) and the technology of the laser
source (solid state or laser diode laser), the laser
coherence can be reduced and then the scintilla-
tion noise will ‘naturally’ be reduced as well. Such a
behavior has already been mentioned by [11]. This can
affect both flash and cumulative systems.

4 Conclusion

We have demonstrated the benefit of the integration time
of cumulative active sensor; the scintillation noise, first
noise contributor for ground to ground long range per-
formance active sensor, is reduced. This reduction comes
from the transverse time evolution of the turbulence
layers. It naturally occurs due to the wind and increases if
the line of sight is moving.

1. We also exposed some of the modelling tools used to
estimate or render the scintillation noise. The numeri-
cal model has a higher validity area compared to
the analytical model, restricted to the weak regime
(Rytov regime). Cumulative systems are more robust
to the scintillation effect, offering higher range per-
formances than flash systems. Despite this gain in
range, cumulative systems are also interesting for:
SWAP aspect: using laser diodes or fibre lasers reduce
the size of the transmitter, the consumption, and the
need of cooling

2. Cost aspect: compared to solid state laser used in the
flash system, laser diodes are less expensive;

3. Eye safety aspect: high frequency and low energy
laser pulses will provide shorter distances of laser
ocular risks compared to a single high energy laser
pulse, and even more at the wavelength of 1.5 um.

These arguments make the use of the cumulative active
system technology in the SWIR band (1.5 um) very attrac-
tive for defence and security applications. But there are
two restrictions. First, cumulative systems are mainly
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restricted to night use, because the energy per pulse
is low and their performance under daylight will be
reduced. Secondly, in case of dynamic scenarios, blurring
can occur if the imaging system is not stabilized for fast
line-of-sight displacements. Several trials and experi-
ments will be conducted in this way to fully estimate the
benefit of the SWIR cumulative technology in France in
the next few years.
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