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Abstract: Active imaging and mapping using lasers as
illumination sources have been of increasing interest dur-
ing the last decades. Applications range from defense and
security, remote sensing, medicine, robotics, and others.
So far, these laser systems have mostly been based on a fix
wavelength laser. Recent advances in lasers enable emis-
sion of tunable, multiline, or broadband emission, which
together with the development of array detectors will
extend the capabilities of active imaging and mapping.
This paper will review some of the recent work on active
imaging mainly for defense and security and remote sens-
ing applications. A short survey of basic lidar relations
and present fix wavelength laser systems is followed by a
review of the benefits of adding the spectral dimension to
active and/or passive electro-optical systems.
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1 Introduction

Active or laser-assisted imaging is an area that is gaining
more and more interest in various fields such as remote
sensing, defense and security, robotics, medicine, and
others. Laser scanning systems, for example, are now
widely spread for urban, terrain, water and seafloor
mapping; creating high-resolution three-dimensional
(3-D) data sets from which ‘images’ can be extracted for
a number of civilian and military applications. Active
imaging is also utilized in security and defense for target
classification and identification. Range gating is usually
employed to enhance the target from the foreground and
background, and to suppress the daylight background,
thereby, enhancing target detection and identification.
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Adding a multispectral or broadband laser will substan-
tially improve the image quality by reducing the speckle
noise effects and also increase the target detection and
identification capability by spectral discrimination.

This paper will review some of the recent work on
active imaging mainly for defense and security and remote
sensing applications. Other examples of recent reviews on
laser sensing have been reported by McMannamon [1],
Steinvall [2], and Molebny (3, 4].

In this paper, focus will be put on new capabilities
and especially to the combination of active with spectral
imaging either by employing a spectrally tunable source
or by combining a fixed wavelength active imager with a
passive multi or hyperspectral sensor.

2 Basic relations of active imaging
and mapping

An active laser-based imaging system scans or flood illu-
minates the area of interest. The reflected radiation from
the scene is captured by the receiver, which may contain a
detector array or a single detector. In general, the maximum
range can be estimated from the laser radar equation,
which for an angular resolved target (the beam is smaller
than the target cross-section area) can be formulated as:
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where P, is the laser power, P, is the received optical power,
NEP is the noise equivalent power, 7 is the overall system
efficiency, A is the receiver area, R is the target range, and
o is the atmospheric attenuation coefficient. The parame-
ter G denotes the normalized reflected intensity, which for
a diffuse Lambertian target is p/7 , p being the reflectivity.
We will start by assuming the attenuation is independent
of range and dominated atmospheric aerosols, which sim-
plifies the atmospheric loss term to exp(-20R).

In equation (1), the assumption is that a single detec-
tor is used. For a staring system with a detector array of
N2 elements we have to adjust the laser power to that per
pixel, which for an even illumination implies PL/ N2 for the
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emitted laser power. We also have to adjust the NEP to
cope for the change in instantaneous field of view of the
detector as the pixel size in an array generally is smaller
than a single detector often used in scanning systems.

For an atmospheric lidar, the parameter G can be sub-
stituted by G=fct/2, where f is the backscatter coefficient,
c is the velocity of light, and 7 is the laser pulse length.
For the atmospheric lidar when the atmospheric loss is
dominated by aerosol attenuation, we can often use the
empirical relation [5] connecting the backscatter coeffi-
cient with aerosol scatter attenuation, $=f(o) according to
some simple exponential or polynomial expression of the
scattering attenuation c. Similar relations have been sug-
gested for water depth-sounding lidars relating the diffuse
attenuation coefficient K to the backscatter j.

For a small unresolved target (target cross-section
area smaller than the beam), the corresponding ladar
equation can be written as:
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where 6 is the beam divergence, and A, is the target cross
section area.

A very special type of reflector is the retroreflector,
which returns the beam in the same direction independ-
ent of angle of incidence (within the acceptance angle of
the device). The cross-section G*A, of an idealized retrore-
flector is

G-A, =kA, | 2 &)

where k is a constant depending on the retroreflector
geometry (trihedral, conical, etc.), and A, is the cross-
section area.

The noise equivalent power for a direct detection
ladar using an avalanche photo diode (APD) detector can
be written as [6]:

[(12 +12 YM?F+TI? ]”2

NEP=
R,MT, 1, )

where I;N is the unity-gain rms background noise
current (4), I?  is the unity-gain rms detector dark noise
current, I;N is the rms preamplifier noise current, M is
the photodetector gain, F is the excess noise factor, R
is the unity-gain responsivity of the detector (4/W), T,
is the receiver optical transmission, and 7, is the factor
by which the peak signal is reduced due to bandwidth
limitation. o

The background current I; depends on the scat-
tered solar irradiation and, for longer wavelength thermal
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emission, form the target scene. The background shot
noise current at the output of the detector assuming unity
gain is given by [6]

(I2,)"?=(2q1i,-B)" )

where g is the electronic charge (1.6x10%), i, is the total
DC background current, and B is the receiver noise band-
width. Ignoring the atmospheric losses between the target
and receiver, the DC background current i, is given by
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where Al is the full-width half maximum (FWHM) optical
bandpass of the receiver (um), Q, is the solid angle of the
receiver detector (sr), E, is the spectral irradiance of the
sun (W/m? pm), Pocer is the target or background reflectiv-
ity (whichever dominates the detector FOV), and M, is the
spectral radiant exitance of the target (W/m? pm).

The atmospheric attenuation is often dominated by
aerosol losses for practical wavelengths used in practical
ladar systems. The example of empirical relations for the
attenuation o relative to the meteorological visibility V is
given, for example, by Hutt [7]. FOI has also studied the
issue of aerosol extinction vs. wavelength [8].

We note that the solution of the ladar equations (1)
and (2) can be obtained from an equation of the type

W-exp(W)=x @)

This equation has the so-called Lambert’s W function as
a solution [9]. For the resolved target case, we identify the
solution y,=Lambertw(x,). where y=0R and

XO'\/7

nBGA,

7-NEP-SNR, ®

For the case of an unresolved target, we can write
y,=2xLambertw(x,) where y,=oR and
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We see that the range equations are easily transferred to
the Lambert’s W function. This function is depicted in
Figure 1. By studying this function and its derivative, we
can have a better understanding on how range is depend-
ent on the overall system, target, and atmospheric (under-
water) parameters. A more detailed discussion on the use
of the LambertW function in ladar performance calcula-
tion is found in Ref. [10].
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Figure1 The function y=Lambertw(x) calculated in MATLB®.

An interesting example of the use of the Lambert solu-
tion might be to consider different detector arrays of size
N*N pixels. For the resolved target, this means that the
available laser power per pixel is divided by 1/N?, and the

Table 1 Perimeters used for the two active imaging systems.
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parameter x is reduced by 1/N for a fixed pulse energy. In
this way, the influence on the maximum range for different
array sizes and fixed laser emissions may be studied. The
corresponding reduction in x for a small target detected by
an array at a fixed laser power is 1/N2

2.1 A system example

We will illustrate the use of the equations above by looking
at two kinds of short-pulse active imaging systems. Let us
consider two types of systems having the same average
power using either flood illumination or scanning. The
parameters are given in Table 1.

Figure 2 illustrates how the maximum range (for
SNR=7) varies vs. visibility against an unresolved target
and parameters according to Table 1. The variations are
directly related to the general Figure 1. For increasing vis-
ibilities, the maximum range increases to a saturation
level set by the system margin. This margin depends on

Parameter Notation Flood illumination Scanning
Laser average power - 1w 1w
Laser prf fp 20 Hz 10 kHz
Laser pulse time (FWHM) T 5ns 5ns
Laser peak power =P_ /(prfxz) P, 10’ W 2*10*W
Laser wavelength A 1.57 pm 1.57 pm
Receiver area A 1x(0.15)%/4 m? 1x(0.15)%/4 m?
Nr of illuminated detectors NxN N=1
Focal length F im im
Receiver optical loss T 0.7 0.7
Optical filter M 30 nm 30 nm
Total system efficiency n 0.25 0.25
Detector size a, 24 pm (pixel) 200 pym
Detector FOV IFOV 24 prad 200 prad
Detector dark noise current L, 3.5x10" A
Preamplifier noise current 2, 10€A
Background noise current I;N 5.3*10"* A @B=300 MHz
Photo-detector gain M 10
Excess noise factor F 5.5
Unity-gain responsivity R, - 0.93A/W
Noise equivalent power sun NEP (1.33 pW) 0.1 nW* * assumed more 3.33nW
realistic and used in the example
Noise equivalent power night NEP (1.33 pW) 0.1 nW* 3.31 nW
Target reflectivity P 0.15 0.15
Background reflectivity Pocgr 0.05 0.05
SNR, 016 SNR, 7 7
Viability 4 0.5-30 km 0.5-30 km

Ext. coefficient 0=0.31(3/V)+1!
Backgound spectral irradiance E,

A

2.26-0.024/km
0-170 W/m? ym

2.26-0.024 /km
0-170 W/m? pm




164 —— 0. Steinvall: Active spectral imaging and mapping

N
o

[ NEP per pixel 100 pW |

NxN=10x10 illuminated pixels

@ (o8]
o (&)
T T

N
(6]
T

xN=30x30 illuminated pixels

—_
(&)}
T

NxN=100x100

—
o

%320 pixels

Range against resolved target km
n
o

(&)

o

Visibilty V km

30

DE GRUYTER

18 - - - -
€ 16l Single detector scanning ladar
X
% NEP=3.3 nW, Pav=1 W
o 14t
8
o 12} Laserprf=1kHz
g
S 10t
1%
I
E 8t Laser prf=10 kHz
5 6l
©
Gg’, 4t Laser prf:100<—|{z
c 2f

O I I I I
0 5 10 15 20 25 30
Visibility km

Figure 2 (Left) Maximum range (for a signal-to-noise ratio threshold, SNR=7) for a gated imager looking against a resolved target vs.
visibility with the number of illuminated pixels NxN as a parameter. Average power 1W and prf=20 Hz. (Right) The corresponding for a scan-
ning single pixel system also with 1-W average power and much higher and different laser pulse repetition frequencies (prfs).

the parameter x defines above. For an active imager, there
is, for example, a max range penalty in increasing the
number of illuminated pixels, for example, as illustrated
in Figure 2. For a scanning single pixel, there is a similar
balance between the maximum range and the total search
time [given by the pulse repetition frequency (prf)] as seen
in Figure 2, right part.

3 Ex. of active imaging systems

3.1 Continuous wave (CW) illumination
systems

Active imaging can be made with CW, modulated or pulsed
laser sources. Active imaging using CW lasers has the
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advantage of simplicity as it can be realized with simple and
less costly cameras and sources. Combining image intensi-
fiers in the near infrared (NIR; 0.7-0.9 pm) and low-light TV
or short wavelength infrared (SWIR; 1-3 pm) cameras with
a simple laser diode illuminator gives a compact system,
which combined with thermal cameras gives a system for
both for search and identification (See Figure 3).

Examples of laser illumination systems include mine
detection systems [11, 12] and surveillance and target-
ing systems and many others [13]. Broadband illumina-
tion using laser diodes, for example, will also reduce
target-induced speckle noise of the image. Imaging at
even longer wavelengths in the 3- to 5-um region has the
advantage of having a lower influence of turbulence and
better haze penetration than shorter wavelengths. Recent
development in laser diodes can produce handheld eye-
safe lasers with output powers in the W regime at 1.5 pm

Figure 3 (Left) The camera (OWL SW1.7 CL 640) from Raptor Electronics including a telescope lens and a 1.5-pm, 1.6-W laser illuminator on
the top. Images on the upper and lower rows show the passive (day time) and active images (during night), respectively. Range to the text

board was 400 m and to the control tower, 2.5 km. Images FOI.
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[14] and in the MWIR as well as in the longwave IR (LWIR)
band [15]. [llumination systems using laser diodes have
the potential of reducing target-induced speckle noise [16].

3.2 Range-gated systems using flood
illumination

By using a camera with time-gated functionality, we
obtain several advantages compared with the simple
illumination system discussed above. The gating gives
a possibility to extract the target from the background,
see through obscurants, and also reduce the effect of the
optical background light during the short gate. By sweep-
ing the gate over the target, it is possible to achieve 3-D
images with much higher range resolution than that given
by the laser and gate length [17].

Placing the gate behind the target enables the target
to be seen in silhouette, which often can be of great
value in defense and security applications, for example,
to reveal weapons sticking out from a body [18]. Figure 4
shows the advantage of combining a thermal imager for
target detection with a pulse-gated system for target rec-
ognition. Gated systems based on low-prf high-pulse
energy are often motivated by using the existing laser
range finder/laser designator also for imaging. Examples
of military applications of range gated imaging that are
close to operational use are pod-mounted systems (the
US LTIP) and ground systems for long-range ID (the US
LRID). DARPA has a program called SPI-3D Standoff Preci-
sion ID in 3-D (SPI-3D) [19]. Instead of gain coding during
the pulse, the switching of polarization is made so that
range information can be obtained from a single pulse. In
Europe, both Selex in the UK and Thales have been devel-
oping 1.5-pm gated imagers. These involve the Technol-
ogy Demonstration Program Joanna, a demonstrator of a
multifunction optronic pod. Thales has developed Damia,

Thermal
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a 1.5-um pre-operational laser imaging solution that was
integrated into their Damocles [20]. Selex is developing
an interesting system called PicoStar [21], which com-
bines SAR with an EO subsystem, implementing the latest
dual-mode imaging sensor together with a conventional
zoom/e-zoom TV sensor. The 640x512 pixel Swan II sensor
provides conventional passive MWIR imaging at 3-5 um
together with active-gated imaging at 1.57 um. Laser desig-
nation, rangefinding, and target illumination is provided
by the same laser.

Instead of using a pulsed laser rangefinder or desig-
nator for imaging, several companies and research organ-
izations are using high-prf diode lasers for range-gated
imaging. Obzerv [22] in Canada manufactures range-gated
systems based on the laser diode DALIS™ illuminators
at 860 nm. This high-rep rate and short wavelength gives
very clear speckle-free images enabling car license plate
reading above 1.2 km using a 24-cm aperture with a mag-
nification between 60 and 240 times. Elbit [23] in Israel
manufactures systems with similarities with the Obzerv
systems, by using laser diode illuminators.

Recently, other modulation techniques have been
studied, for example, a linear gain variation within the
gate to extract range and intensity information. This
can be done by taking the ratio between images taken
with linear and constant gain. The advantage with this
method is that the results is independent of the shape of
the laser pulse and that 3-D imaging can be obtained with
1-2 pulses instead of about 5-10. The method has been
experimentally verified [24]. Laurenzis et al. [25] have
developed a ‘super resolution technique’ by combining
two images from a trapezoidal convolved gate/laser pulse
to obtain high range resolution. The strict linear depend-
ency of the rising slope was used to develop a simple
model for the reconstruction of the depth information.
Laurenzis [26] also develops an elegant method based on
comparing range-delayed signals using a Lissajous-type

Figure 4 (Left) A potential target detected by a thermal imager. The next images show the target being observed by the range-gated laser
system in the illumination, silhouette, and 3-D reconstruction mode. The range resolution is in the order of 20 cm despite the much lingered

gate and pulse length. Images FOI, see Ref. [13].
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eye pattern to define clear criteria for depth resolution
and depth mapping capabilities of an active imaging
system.

APD arrays based on CMT are being developed for
active gated imaging in the SWIR region by several actors
like Sofradir/Leti [27] and Selex [28], for example. Detec-
tors based on InGaAs [29-31] and InGaAs/InP TE EBCMOS
[32] have also been reported.

3.3 Full 3-D imaging systems

Range-gated imaging or active 2-D or 2.5-D, as it is some-
times denoted, has its drawback in ‘gate’ management.
A full 3-D sensor referring to a 3-D/intensity image using
one laser pulse has many advantages and will, in the long
perspective, replace range-gated systems. Note that the
range-gated function is a functionality, which easily can
be implemented in a 3-D imager.

A full 3-D imager will more rapidly facilitate such
functions as detection of hidden targets, automatic or
aided target recognition, mapping, and threat detection.
3-D imaging has so far, to a large extent, been made by
scanning laser radars, but 3-D arrays have during the last
years come into use. The prime military application for
3-D imaging, at least from an investment point of view, has
so far probably been weapon guidance.

The JIGSAW system was a DARPA-initiated develop-
ment aimed for a small UAV to detect and recognize target
under trees. This is done by stiching together a number
of 3-D point clouds taken from different views [33, 34].
The whole system, including a 12-inch gimbal, weighs 45
kg. Figure 5 illustrates the power of 3-D imaging ladars to
see through vegetation by ‘range cropping’. The basic pre-
sumption is that enough pixels are seen thight the vegeta-
tion cover and hitting the target either in a single look dense
sampling (left image in Figure 5 or by fusing multiple looks
(next two images in Figure 5). Special filter techniques have
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been developed to detect and classify vehicles under occlu-
sion [35].

Photon counting in the Geiger mode domain has
been used in lidars and the US JIGSAW program. Detector
arrays based on photon counting are now commercially
available from Princeton Lightwave [37] and Boeing Spec-
trolab and others up to fomats of 32x128 and with 128x128
in development. Raytheon is developing linear-mode
photon-counting arrays in sizes up to 256x256 elements.
Linear-mode photon-counting arrays provide significant
advantages when compared to Geiger-mode counting
arrays developed by MIT and others. These advantages
include absence of after pulsing and dead time, nanosec-
ond pulse-to-pulse temporal resolution, and robust opera-
tion in the presence of high-density obscurants or variable
reflectivity objects [38]. Raytheon claims that dark current
rates as low as 1/s can be achieved. Sofradir/Leti [27] and
Selex [28] have both developed 3-D sensing arrays based
on CMT inf the half TV format (320x256 pixels).

3.4 Aerial mapping systems

Airborne and vehicle-borne laser mapping using scanning
lidars has been a success especially for civilian applica-
tions. A recent book which gives a good overview on
topographic laser scanning has been published by Shan
and Toth [39]. Lidar mapping is now beginning to enter
military operations. The use of laser mapping will gener-
ate high-resolution range and intensity synthetic environ-
ments, which can be used for mission planning and battle
damage assessment but also as a reconnaissance tool
utilizing the ‘see through’ or change detection associated
with high-resolution 3-D data.

Recent trends have been to make the systems small
and compact as well as combining laser scanning with
digital and hyperspectral cameras. One example of
a compact system is shown in Figure 6. This system,

Viewing direction

Figure 5 (Left) A part of vegetation with three vehicles, two of them occluded. The middle image shows an example of the power of 3-D
ladars to see through vegetation. Above is the intensity image, and below is the 3-D image of the area within the square. The target (a tank)
is encircled. The next shows all three vehicles visible (the occluded are encircled) and suitable for classification, for example, by template

matching. Images FOI [35, 36].
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developed by AHAB in Sweden, is called HawkEye III and

is a combined airborne bathymetric and topographic mul-

tisensor lidar system, containing:

— A 10-kHz bathymetric channel optimized for high
accuracy and high data density surveys in deep
water to kD=4. D is the depth, and k is the diffuse
attenuation coefficient in the water.

— A 35-kHz bathymetric channel, optimized shallow
water region up to depth kD=2 through the transition
zone and up on land.

- A 400-kHz topographic channel that provides the
detail and resolution in the data that even your most
demanding topographic lidar application requires.

The HawkEye III captures the full waveform in all chan-
nels, deep bathy, shallow bathy, and topographic. Other
well-known lidar providers include Optech, Leica, Riegl,
and others.

NASA has been in the forefront in developing airborne
lidars. The Airborne Oceanographic Lidar (AOL) was
sponsored jointly by NASA and NOAA. AOL was continu-
ally modified and upgraded over a 20-year period. Both
topographic and bathymetric applications were studied.
The NASA EAARL lidar [40] is a raster-scanning, temporal
waveform-resolving adaptive lidar, which also contains a
down-looking color (RGB) camera, and a high-resolution
color-infrared (CIR) digital camera. NASA had a program
called Vertical Canopy Lidar (VCL) for motoring canopy
heights from satellite. An airborne lidar built for verifi-
cation of VCL is called Laser Vegetation Imaging Sensor
(LVIS) [41]. In Europe, laser mapping for forestry has been
a subject of research for more than two decades. Impor-
tant contributions have been made for forestry by the
Scandinavian countries and Canada. A summary of the
methods used for forest inventory can be also be read in
the paper by Hyyppa et al. [42].
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Military-driven terrain mapping will focus on capa-
bilities like reduced vulnerability, covertness, high area
coverage rate, and high spatial resolution even from high
altitudes. The present lidar technology is focused on
analog detection of pulses in the 10- to 100-pJ range and
relatively large optics to obtain return signals of thousands
of photons per shot. This technique has its limitations due
to the fact that the laser pulses cannot be too short and
still have high energy pulse energy without jeopardizing
eye safety and optics damage. The SNR has to be rather
high to get the range accuracy down to the cm level. An
alternative could be to use photon-counting techniques to
allow the range to be obtained from even a single photon
return.

The potential advantage of photon-counting lidars
includes reductions in the size, weight, and power. On the
other hand, the range accuracy can be high in the photon-
counting mode, and the low demand on laser power will
allow high spatial resolution even from high altitudes.
The US Air Force ALIRT system uses a Geiger mode array
receiver, and this system has recently been used in the
analysis of the earthquake in Haiti [43]. Recently, the head
of DARPA cited the high-altitude Lidar operations (HALO)
lidar project as an example of DARPA’s commitment to
rapidly serve the troops. HALO allows collection of high-
resolution 3-D data, down to fewer than 10 photons and is
10 times faster than state-of-the-art systems and 100 times
faster than conventional systems [44].

The company Sigma Space Corporation [45, 46] has
demonstrated a multibeam photon-counting lidar capable
of recording 2.2 megapixels per second, with a spatial
resolution of 15 cm, and vertical resolution of 3 cm from
1000-m altitudes. The systems uses a Nd:YAG microchip
laser producing few microjoule subnanosecond pulses
at fire rates of up to 22 KHz. The beam is broken into 100
separate beams and detected by a 10x10 PMT array from

Figure 6 Example of a state-of-the-art airborne mapping lidar, the Swedish HawkeEye 1l developed for delivering a seamless map of both
bottom and land topography. Image AHAB Sweden (http://www.airbornehydrography.com/content/hawkeye-iii).
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Hammamatsu. The detected photon pulses are timed and
stored using a company proprietary 100-channel paral-
lel timing unit with 100-ps resolution. With a volume of
2 cubic feet and 25 kg mass, the system lends itself to use
on UAV:s.

3.5 Terrestrial laser scanners

Laser scanners have been used on unmanned ground
vehicles for navigation and obstacle avoidance. The most
widespread demonstration on the success of laser scan-
ners in UGV:s has probably been the DARPA grand and
urban challenges [47] where laser scanners were the key
sensors. The Lynx system from Optech Inc. is one example
of many commercial road mapping laser systems [39].

4 Adding the spectral dimension
to laser imaging and mapping

Current laser imaging and mapping systems are mostly
based on single, fixed-frequency lasers, generally in the
near infrared and often in the so-called eye-safe region
SWIR region (1.5 pm). On the other hand, great progress
has recently occurred in passive multi- and hyperspectral
imaging with applications ranging from environmental
monitoring and geology to mapping, military surveillance,
and reconnaissance. Data bases on spectral signatures
allow the possibility to discriminate between different
materials in the scene. Present multi- and hyperspectral
sensors generally operate in the visible and short wave-
length region (0.4-2.5 pm) and rely on the solar radiation.
The measured radiance in the sensor is, however, difficult
to relate to spectral reflectance units due to the depend-
ence on a number of external sources and phenomena
such as, e.g., solar angle, clouds, shadows, atmospheric
scattering, or extinction. These variations increase the
uncertainty to derive reflectance spectra and to relate
these to data bases for material identification.

4.1 Imaging

An active spectral imaging will largely overcome these
difficulties by offering a complete control of the illumina-
tion. In addition, it will bring all the advantages already
sought when using single-frequency active imaging: night
and low-light operation, penetration, access to polariza-
tion information and to high-resolution 3-D information.
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Hence, fusing the knowledge of range-resolved ladar and
passive or active spectral imaging will result in new capa-
bilities in the field of EO sensing. An overview of active
imaging with focus on spectral imaging was recently
made for the European Defence Agency (EDA) [48, 49].
New capabilities in spectral imaging including active
imaging are also discussed by Lewis [50].

Most of the work, so far, in active spectral imaging
for military and security seems to be limited to labora-
tory investigations. Broad spectral emission will reduce
the speckle noise in active imagery [51], for example. A
group at MIT has been exploring active spectral sensing
in more detail [52]. They conducted a series of labora-
tory and field tests to demonstrate the utility of combin-
ing active illumination with hyperspectral imaging for
the detection of concealed targets in natural terrain. The
system was deployed under a variety of environmental
conditions, including nighttime illumination, and on a
variety of target scenes, including exposed and concealed
plastic and metallic mine-like targets. Targets have been
detected and identified on the basis of spectral reflec-
tance, fluorescence signatures, degree of polarization,
and range-to-target information (via range gating). The
MIT group discovered that water vapor absorption lines in
the SWIR are exploitable sources of contrast that enable
us to distinguish between natural and man-made objects.
Man-made objects, for example, paints and plastics, repel
water, while vegetation and soil absorb water. As water is
highly absorbing at 1.4-1.5 pm but not so much at 1.6 pm,
a simple intensity ratio between images at these two wave-
lengths will enable to distinguish between man-made and
natural objects.

Active hyperspectral imaging has also been investi-
gated by BAE in the UK [53, 54]. The project at BAE was
sponsored by the EMRS DTC and involved both simulation
and laboratory demonstrations. A comparison between
the best active systems with a generic passive, multispec-
tral LWIR sensor was made showing the advantage of the
active system due to increased noise for the LWIR system.

Thales and CNRS in France in collaboration with
Norsk Elektro Optikk (Norway) report on the design and
exploitation of a real-field laboratory demonstrator [55].
It was found that good detection performances rely on the
joint use of intensity and polarimetric images, with these
images exhibiting complementary signatures in most
cases.

An interesting range imaging spectrometer has been
presented by Kinder et al. [56]. The spectrometer can
simultaneously obtain 3-D spatial and hyperspectral
data. The ranging-imaging spectrometer (RIS) is based on
the computed tomographic imaging spectrometer (CTIS)
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developed at the Optical Science Center, and the scanner-
less laser radar (Ladar) architecture developed at Sandia
National Labs.

A recent interesting experiment using a multispectral
mid-infrared laser stand-off imager was reported by Wang
et al. [57]. The system was applied to diverse targets that
consisted of man-made and natural materials and objects,
and showed capability to resolve and distinguish small
spectral differences among the various targets. Color-
less objects in the visible were shown with ‘colorful’ sig-
natures in the mid-IR. The system design was according
to the authors suitable for compact packages with semi-
conductor lasers, and the results suggest that laser-based
multispectral imaging can be a unique and powerful
technology for target discrimination. Figure 7 illustrates
how different materials, which seem rather similar in the
visible, can be differentiated by active mid-IR imaging.

Hardie et al. [58] has also investigated the potential of
mid-IR imaging ladars.

Simard et al. [59] have investigated hyperspectral
imaging using a range-gated camera by observing fluores-
cence spectra from mines and vegetation. For the surface
mine detection application in mind, the preliminary result
indicated that the false alarm rate associated with this
scenario of detecting surface-laid mines might be too high
for a ground area scanning speed of practical interest. A
Danish group has also demonstrated multispectral high-
resolution 3-D imaging [60]. By exploiting Raman scat-
tering in single-mode optical fibers, multispectral light
was generated from a green nanolaser with a high pulse
repetition rate. Each pulse triggered a picosecond camera
and measured the distance by time of flight. Three-dimen-
sional images were then constructed with submillimeter
accuracy for all visible colors.

Powers et al. [61, 62] present a ladar for UGV applica-
tions for a combined ATR function using a combination
of spectral and spatial imaging. The results are discussed
here in the context of autonomous vehicle navigation
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and target recognition. The laser emitted nanosecond
super-continuum pulses generated in a photonic crystal
fiber. Each of 25 spectral bands was independently range
resolved with multiple return pulse recognition. Cathcart
et al. [63] discusses EO signatures for personnel detection
in urban environments. They point to the importance of
the SWIR region especially for nighttime classification of
people.

Stothard et al. [64] demonstrated a system for the
active real-time hyperspectral imaging of gases using a
continuous wave, pump-enhanced, optical parametric
oscillator and an electromechanical polygonal imager
(Figure 8). This technology has also been applied to
liquids [65]. The wide spectral coverage and high spec-
tral resolution characteristics of this source allowed the
system to be selectively tuned into the absorption features
of a wide variety of species. Recently, the technique has
been extended to cover hazardous materials [66] includ-
ing unknown chemical warfare agents [67]. A transfer to
LWIR region, between 5 pm and 12 um will increase the
identify-cation capability due to more characteristic fin-
gerprints in this wavelength region.

One area in which spectral imaging has been studied
to a great extent is the area of stand-off detection of explo-
sives. The methods of laser spectroscopy are most promis-
ing for fast stand-off detection and identification of traces
of both known and new types of explosives in multicom-
ponent media [68]. Spectral imaging is ideal for localizing
and verifying small amounts of explosives (the amount
of explosives in a fingerprint on object surfaces is ~10 pg)
because the pixilation enables the background to be sup-
pressed. Figure 9 illustrates an imaging stand-off laser
system based in Raman detection and an ICCD receiver. By
centering the liquid filter on the different material-specific
Raman peaks, images of the occurrence of the different
substances can be obtained [69, 70].

Besides Raman, other spectroscopic techniques have
been used in active spectral imaging for stand-off explosive

Figure 7 (A) Images in visible light; (B) differentiation based on material reflectivity in mid-IR. From Wang et al. [57].
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Figure 8 Image enhancement using the differential absorption. (A) and (B) show images captured ON and OFF methane absorption lines.
The difference between these images (i.e., the methane plume) is shown in (C). Finally, false color is applied to (C), which is then superim-

posed upon (B) to generate (D). From Stothard et al. [64].
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Figure 9 (Left) Experimental setup for the imaging Raman experiments. Distance between setup and sample was 10 m. (Right) From top left
to bottom right, in order: white light image of the four samples sulfur, DNT, AN, and TNT (in order as occurring), intensity image at 473 cm?
corresponding to sulfur peak, intensity image at 1347 cm™ corresponding to DNT peak, intensity image at 1043 cm™ corresponding to AN
peak, intensity image at 1358 cm™ corresponding to TNT peak, false color coding image where yellow represents sulfur, green DNT, red AN,

and blue TNT. Images from FOI [69, 70].

detection like IR photothermal imaging and hyperspectral
imaging in scattered light (see [71] for an overview).
Besides the more well-known methods for remote
sensing of chemical substances including explosives, such
as Raman techniques, fluorescence, and laser-induced
breakdown spectroscopy (LIBS), the infrared reflection/
absorption spectroscopy is seen as an interesting option.
This is, in part, linked to the development of the quantum

cascade laser (QCL), which is a semiconductor diode laser
with tunable emission in large parts of the IR spectrum.
Goyal et al. [72] have investigated the LWIR reflec-
tance of contaminated surfaces using a quantum-cascade
laser (QCL), which are reconciled between 9.1-9.8 pm and
a HgCdTe array detector (FPA). A liquid chemical was
applied to a variety of substrates that diffuse reflective gold,
concrete, asphalt, and sand. Experimentally measured
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signatures were found to be in accordance with theoretical
calculations. Clear signatures were also obtained for con-
taminated concrete, asphalt, and sand. These measure-
ments demonstrate the potential of this technique to detect
and classify chemicals on outdoor surfaces.

Bauer et al. [73] present methods for detection based
on photofragmentation and subsequent mid-IR detection
for sensing nitrogen-based explosives. Furstenberg et al.
present similar techniques [74].

A group from Fraunhofer Institute has presented a
number of stand-off imaging results in explosive detection
[75, 76]. They demonstrate contactless detection of solid
residues of explosives using mid-infrared laser spectros-
copy. The method is based on active laser illumination,
synchronized with the collection of the backscattered
radiation by an infrared camera. The key component of the
system is an external cavity quantum cascade laser with a
tuning range of 300 cm* centered at 1220 cm. Residues of
trinitrotoluene (TNT), pentaerythritol tetranitrate (PETN),
and cyclotrimethylenetrinitramine (RDX) could be identi-
fied and discriminated against nonhazardous materials by
scanning the illumination wavelength over several of the
characteristic absorption features of the explosives.

There are clear advantages of IR spectroscopy for
stand-off remote sensing in that it is possible to make
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eye-safe systems even for long-range detection. Moreover,
due to the availability of compact lasers with high power
and possibility of tuning the wavelength over a relatively
broad frequency range, the prospects of compact and
robust commercial systems are good.

Before detecting and verifying explosives, a robust
method for localizing mines and IEDs is needed. The
detection of mines and IEDs are a formidable problem for
defense forces around the globe. A manifold of active and
passive spectral methods have been tried. At FOI, we have
investigated both passive and active spectral imaging in
combination with high-range resolution for surface mine
detection [77]. The high-range resolution is of special value
in a detection mode where new objects can be detected by
observing the distance change in a point cloud. This type
of detection can also be applied to passive sensing [78].
Figure 10 shows an example of active spectral imaging of
mines and mine-like objects on grass as detected by white
light illumination in darkness. Powerful white light lasers
can replace conventional lamps for this application.

One interesting problem for defense and security is to
investigate to what degree one can ‘see colors’ at night,
that is, using, for example, NIR and SIWR illumination. In
that case one could distinguish between individuals due to
their clothing, for example, which usually is hard by using

Figure 10 An example of multispectral imaging with white light illumination using a flashlight. Note that the spectral bands of the sensor
were not optimized for the purpose, and further improvement can therefore be expected. (Left) Photo. (Middle) The image shows the PCA
components 3, 2, and 1 as RGB of the original image. Detection using the PCA component 3 is exhibiting very low false alarm rate (right).

Image FOI from [77].

Figure 11 Clothes measured from 800 m distance. (Left) visual, (middle) active NIR image, (right) active 1.5 um. Clothes from left to right in
each image: jogging dress, jeans, and beige cap. 2: Gray jacket and Swedish hunting pants (A). 3: White anorak (item G), jeans (item H), and
black cap. Note the shift of contrast between the different garments for the visual vs. NIR and SWIR region. Images FOI from [79].
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thermal IR. Another capability is to increase the detection
of people against urban and vegetation backgrounds.
This has been investigated in multinational measurement
campaign in France [79]. Figure 11 shows some clothing
imaged in the visible and active NIR (808 nm) and SWIR
(1550 nm) regions. It is clear the contrast between the
different garments is changed rather drastically when
moving from visible to the NIR/SWIR regions. The chosen
wavelength was not optimal for cloth separation as can be
seen when investigating the spectral reflectance [79].

We also observe that some speckle patterns seem to
be more dominant for the active 808-nm system compared
with the 1550-nm system, which is probably due to the
increased turbulent scintillation for the shorter wave-
length in the NIR region.

The reflectance of the clothes in the NIR/SWIR regions
will also often be higher than that found in typical urban
materials, such as concrete. Figure 12 illustrates the con-
trast of a person seen against grass and bushes. This con-
trast seems more pronounced at 1550 mn than at 808 nm.

Farley et al. investigated the soldier’s camouflage
equipment using multispectral and hyperspectral sensing
[80], and Zhou et al. [81] describes camouflaged target
detection based on visible and near-infrared polarimet-
ric imagery fusion. Hogervorst et al. [82] evaluates urban
camouflage using human observers.

The combination of photon-counting arrays and
supercontinuum lasers shows promise for both mili-
tary and civilian remote sensing [83]. One complexity is
the spectral discrimination in the receiver. Goda et al.
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[84] recently demonstrated a new active hyperspectral
concept transforming a 2-D image into a time dispersed
signal, which was captured by a single detector. This
method should, in principle, be applicable to an array of
optical fibers, each for one pixel and having its own dis-
persive fiber separating different wavelengths into the
time domain. This could also be used to transform a fixed
wavelength 2-D intensity image to a single detector by
using different time delays in different fiber channels and
this marking each pixel.

4.2 Mapping

Multispectral lidar systems provide unique new opportu-
nities for remote sensing of mainly topography but are also
of interest for hydrography. The laser emits multiple wave-
lengths simultaneously and can combine high-resolution
vertical information with spectral information in the form
of, for example, the photochemical reflectance (PRI) and
normalized difference vegetation index (NDVI), which
measures the amount of living vegetation. Compared to
the conventional way of combining a passive multi or
hyperspectral sensors with lidar, a multiwavelength lidar
gives advantages such as:
—  Generation of reflection data independent of sunlight
— Penetration of otherwise shaded areas where a passive
sensor has difficulty
— Providing the ability to separate the tree and bush
vegetation from other ground vegetation

Figure 12 Person in a dark green uniform against bushes and a concrete wall, range 800 m. (Top left) visual, (top right) passive 808-nm
image. (Bottom left) visual, right: 1550 nm active imaging using a 30-m gate. From [79].
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The ability to perform such measurements will allow
better mapping of the forest structure and the processes
that are directly related to photosynthesis. It will, there-
fore, significantly improve our ability to measure and map
the terrestrial biosphere and understanding of the carbon
cycle, the land use, and biodiversity.

So far, mainly laboratory measurements and theoreti-
cal modeling have been published on multispectral lidars.
One concept that is studied is the multispectral canopy
lidar (MSCL) [85, 86]. In this concept, four laser wave-
lengths (531/550 nm and 690/780 nm) are used to collect
the PRI and NDVI data. Design studies for the use of this
type of lidar from space is underway in Europe [87].

Hakala et al. [88] presents the design of a complete
waveform lidar based on a continuum laser with tun-
ability from the visual to the NIR/SWIR (480-2200 nm)
range. The lidar generates 3-D point clouds using spectral
reflectance data backscattered from which a variety of
parameters on vegetation condition can be derived from
chlorophyll content, water content, and PTRI and NDVI
index. Figure 13 provides an example.

In midrange, 3-D terrain mapping, the operational
needs for airborne military reconnaissance include

Backscattered reflectance

Water index
blue=moisture, red=dry

Normalized difference vegetation index
black=0.1 green=0.9
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detecting and identifying military vehicles in a rural
environment, and mapping and classifying urban areas.
Increased performance would be obtained by using mul-
tispectral active imaging. A combination of three wave-
lengths in the SWIR should be appropriate, with a relative
freedom in the choice of wavelengths [49].

Lidar in hydrographic applications multispectral
lasers, preferably in the visible wavelength region where
the water transmission is reasonably high, provides new
opportunities to determine the water inherent optical
properties [89] as well as better opportunities for bottom
classification [90, 91]. One example of a multispectral
imaging capability to distinguish certain types of algae
from each other is shown in Figure 14. The small amounts
of ceramium, hardly visible in the photo, are clearly
detected with the characteristic red algae fluorescence in
the 580-nm and 650-nm bands, where other species have
low fluorescence emission. The fluorescence emission
from chlorophyll at 680 nm is high for the 1-year old fucus
plant, slightly lower for the 4-year fucus plant, and rela-
tively low for cladophora. See also [91] for the spectral fluo-
rescence signatures from species measured with excitation
source at 532 nm.

R=740 nm, G=672 nm, B=606 nm

Modified chlorophyll absorption
ratio index black=-0.07 yellow=0.3

Figure 13 A photograph of spruce and associated 3-D point cloud displays various data products derived from the backscattered response
of a laboratory measurement with a multifunction lidar. To reduce the noise in the spectra, an average of 5-cm voxels was used. The spectral
indices were calculated for each voxel, and the results are shown in full 3-D point cloud colors for different indices related to the tree condi-

tion. From Hakala et al. [88].
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Figure 14 (Left photo) A mix of bright 4-year old and 1-year (brighter) bladder wrack (Fucus vesiculosus), the green algae Cladophora , and
small amounts of the red algae Ceramium. Right four fluorescence images induced by 532-nm laser excitation. The image 532 nm is the
elastic image, and the 580 nm, 650 nm, and 680 nm show the fluorescence images within 10-nm bandwidth of the center wavelength when

the samples were scanned with the 532 nm laser. Images FOI.

A fusion of passive hyperspectral data with 3-D
data from a lidar enables estimation of shadow regions
from which a classifier can learn about how the spectral
signature behaves in shadows [92, 93, 94]. A method is
suggested to correct spectral signatures from estimated
light conditions at a certain geographical position, and
the combination of spectral and spatial information from
the lidar is used to find objects in shadowed areas. An
example of shadow detection is illustrated in Figure 15.

The Coastal Zone Mapping and Imaging Lidar (CZMIL)
is an example of a new advanced lidar system for coastal
mapping in US waters [95]. The system combines laser with
a hyperspectral camera, and a digital camera can produce
simultaneous high-resolution 3-D data and images of
beach and seabed in shallow waters. Advanced products
include coastal topography, benthic classification, and
characterization of water quality in both clear and turbid
waters.

Figure 15 (Left) An image for a hyperspectral sensor showing three bands (corresponding to RGB) of a total of 24 bands. Right automatic

detection of shadows with the help of 3-D lidar data. Images FOI.
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5 Signal processing for active
spectral imaging and mapping

A full utilization of the richness of target features that
ladars provide needs advanced signal processing tech-
niques and methods. Examples of such features, which
can be extracted and used for discrimination, have been
mentioned above. They include 1-D, 2-D, and 3-D data and
also spectral and Doppler information (using range rate
or Doppler techniques), polarization, and speckle char-
acteristics. The signal processing for a laser radar is bor-
rowing methods and procedures from conventional radar
(see, e.g., [96, 97]) and conventional image processing
[see, e.g., 98]. Spectral processing can rely on the mani-
fold of methods developed for hyperspectral imaging [see,
e.g., 99].

The additional issues for laser radar processing with
respect to microwave radar involve different target and
background characteristics, detection in photon noise,
atmospheric propagation effects (attenuation, scattering,
and turbulence), and the issue of angular resolved targets.

In relation to conventional image processing, the
ladar often adds complexity but also new opportunities
due to speckles, scintillation, and high-range resolution,
which enables range segmentation and 3-D matching, for
example.

As the subject of signal and image processing is vast,
we will just give a few examples of recent signal handling
in active imaging and mapping.

In mapping, the processing of individual laser wave-
forms is essential to extract as much information as pos-
sible. In a review paper, Guenther et al. [100] describe
hardware and software design philosophy including
signal processing issues together with the historic devel-
opment of airborne lidar bathymetry. Recent work in air-
borne bathymetric waveform processing in combination
with satellite data for seafloor classification has been pre-
sented by Tulldahl et al. [101]. A summary of the methods
and processing used for forest inventory can be read in the
paper by Hyyppad et al. [42].

The capability of 3-D ladars looking through vegeta-
tion in a single or by multiple looks is attractive for both
airborne and ground-to-ground applications. Proper pro-
cessing of 3-D data will give a good opportunity to reveal
targets hidden in vegetation. Examples of such process-
ing were discussed in relation to Figure 5 [34, 35]. Cho
et al. [102] at MIT describes a prototype image process-
ing system, which generates, displays, and analyzes 3-D
ladar data from single photon detection in real time. The
system also discriminates static from dynamic objects in
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a scene. A new and improved algorithm for noise removal
and signal detection in 3-D ladar imagery, called multi-
ple-peak spatial coincidence processing (MPSCP), is pre-
sented by Vasile et al. [103].

Gronwall and Tolt [104] propose a target segmenta-
tion approach based on sensor data fusion that can deal
with the problem of a diverse background. Features from
sensor images, including data from a laser scanner and
passive sensors (cameras), are analyzed using Gaussian
mixture estimation.

Armbruster [105] gives examples of 3-D laser radar
applications, for which automatic data processing can
exceed human visual cognition capabilities and describes
basic processing techniques for attaining these results.
The examples are drawn from the fields of helicopter
obstacle avoidance, object detection in surveillance appli-
cations, model-based object recognition in single range
images, multi-object tracking, and object recognition
in range image sequences. The techniques are based on
Bayesian decision-theoretic foundations, guaranteeing
optimal ATR solutions both for single images and range
image sequences. In recent papers, Armbruster et al.
investigate flash ladar data from maritime targets con-
cerning segmentation, classification, identification, and
pose estimation [106, 107].

Future challenges in active spectral imaging involve
efficient data fusion methods combining ladar features
such as 3-D shape and intensity with spectral character-
istics. These techniques have been studied in mapping
for some years (see, e.g., [108, 109]). For defense and
security, new opportunities and challenges involve space
time (4-D) processing for robust detection, tracking, and
recognition.

6 Discussion

In this paper, we have tried to review active imaging with
emphasis on discussing the benefit of adding the spectral
domain either as a passive sensor or as a multi- or hyper-
spectral laser. The combination of a fix wavelength laser
and a spectral passive sensor is a rather well-established
technique especially in remote sensing mapping systems.
Some drawbacks with this method is the problem of align-
ing two separate sensors with often different pixel sizes
and also the fact that the sensor may have different pen-
etration capabilities through shadows, water, and other
obscurants. Active multi- or hyperspectral sensors avoid
these problems and also offer the possibility of absolute
measurements as they have full control of the illumination.
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One of the main limitations in active spectral imaging
is the technology limitations for efficient and powerful
multiline or tunable lasers. There is also an increased com-
plexity for the receiver, which must have a spectral dis-
crimination either through fixed or tunable filters. Other
solutions may involve transforming the spectral domain
to time [84] or using a streak camera, the so-called multi-
slit STIL [36].

Although supercontinuum laser are quite promising,
the splitting into too many spectral channels will lower the
sensitivity of the system. On the other hand, the advances
or sensitive receivers based on single photon counting
may allow for that.

However, the potential advantages in active spectral
imaging are many, and we can foresee new applications
and capabilities in such areas as remote sensing of the
terrain (tree and plant classification, plant conditions,
and others), ocean monitoring (suspended and dissolved
matter, bottom classification, etc.), as well as detection
of aerosols and gases on the atmosphere. In the security
and defense area, we note stand-off detection of danger-
ous substances (CBRNE), improved target detection and
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