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Abstract. A Matlab framework to be used as an engineering tool for
evaluating radiometric aspects of LADAR systems in underwater conditions is
designed, validated, and demonstrated. The fundamental aspects of LADAR
radiometry and imaging are discussed in addition to the supporting theories
for the behavior of laser beam propagation in underwater environments with
absorbing and scattering particles. Thorough testing is discussed that gives
evidence to the validity of the model followed by application for an example
design used in the Mediterranean Sea.
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1. Introduction

Laser detection and ranging (LADAR) is one of many types of remote sensing

that has an increasing demand in a broad range of applications. LADAR is

fundamentally similar to its predecessor, RADAR, with the main di↵erence being

that it is carried out with electromagnetic radiation at a much smaller wavelength

and greater frequency. LADAR is a specific type of light detection and ranging

(LiDAR) that uses a laser to produce light pulses; both technologies are based

on time of flight (TOF) for the light pulses. The purpose of LADAR is similar

to RADAR in that both technologies are able to make images with quantitative

information about the distances of objects in the surrounding environment.

However, due to the di↵erences in wavelengths, each technology is used for specific
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types of imaging. RADAR operates around the radio frequencies of 1MHz while

LADAR operates near the visible portion of the spectrum on the order of 1014Hz.

The spatial resolution limits for both the surface morphology as well as the macro

objects are dependent on the portion of the spectrum that is utilized. While

RADAR is able to image very large objects with little surface detail, LADAR

more e↵ectively images detailed surfaces features. [1].

LADAR has been employed extensively for both atmospheric and oceanic

purposes such as pollutant detection, landscape topography, and above-water

mapping of the ocean. Next generation technologies like autonomous underwater

vehicle automation will be dependent on real-time 3D mapping of the local

environment [2] [3]. For these tasks, LADAR is a promising solution. However the

amount of attenuation due to absorbing and scattering particles found in natural

bodies of water can greatly reduce the received signal. Therefore, a rudimentary

understanding of the radiometric limitations for di↵erent water conditions is

required to enable these future technologies in fully submerged environments.

It is the goal of this work to develop the first stages of a Matlab framework

for radiometric modeling of LADAR systems in underwater conditions. The

framework will prove to be useful as a future engineering tool for evaluating

radiometric aspects during the design process [4].

LADAR relies on the time of flight of pulsed laser energy for determining range

of objects in a given scene. TOF is the quantity of time from the moment the laser

pulse leaves the emitter to the moment it returns to the detector by reflecting o↵

of objects in the scene. Because the pulse must travel twice the distance of the

range, the TOF divided by two is directly related to the range by the speed of

light as follows, R = (TOF/2)c. This model will simulate a Gaussian shaped

laser pulse as it is emitted, reflected, and detected with a focus on the radiometric

distributions. In Section 2 the theoretical models that were applied to calculate

the radiometric values at the detector will be presented along with a discussion of

ambient oceanic e↵ects on radiometry. Section 3 will present the steps that were

taken to validate the Matlab model. Section 4 will discuss the simulation results

for an oceanic environment.
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2. Theoretical description

2.1. LADAR imaging

The two main types of LADAR systems are single point and imaging. The first type

of system uses a single laser and photodetector such that the spatial information

is limited to a single point in the propagation direction. The second type of

system is able to image in 3D. This can be carried out by adding a scanning

laser system to the single point LADAR system so that it will rasterize an image

normal to the propagation direction. Another imaging method uses an array of

photodetectors so that we obtain both temporal and spatial information with each

pulse of laser energy. Though we are able to gain spatial information using an

array of photodetectors, there is often a need for scanning the scene in order to

obtain a detailed image [1]. Multiple sources and multiple detectors is also an

option for imaging with LADAR. In the case of weak signals even single photon

detection can be achieved using a Geiger-mode avalanche photodiode (GmAPD)

[5] for either single point or imaging systems. Because this study is interested in

developing the radiometric aspect of LADAR, the simulation will assume a single

laser and a single array of photodetectors without scanning.

The first step in developing a radiometric model is to define each

transformation during the flight of a pulse of light. These transformations include

spatial and temporal distributions of energy in the laser pulse, the light intensity

on the target surface, the reflected power from the surface, the reflected light

intensity on the aperture, the power of light that passes through the aperture, the

power that arrives to the detector, and finally the noise that is added to the signal

at the detector. Each of these transformations have varying e↵ects on the final

power at the detector. The radiometric result of these transformations is given by

equation 1, and it is known as the general solution to the range equation[1].

Pdet (m,n, k) =
⌧o⌧

2

aD
2

R⇢t (dA)Pt (m,n, k)

R2✓R (✓tR)2
(1)

Where ⌧o is the optical transmission, ⌧a is the ambient transmission, DR is the

aperture diameter, ⇢t is the reflectivity, dA is the area of the distant array, Pt is

the power of the laser pulse, R is the range, ✓R is the angle of radiative dispersion,

and ✓t is the angular divergence. This form of the range equation denotes the

discrete spatial samples of the field of view (FOV) by m and n while the discrete

temporal samples are denoted by k. The the range gate determines the sampling

time when the signal will be captured. It is specified by a minimum and maximum
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TOF that corresponds to the range limits where the scene will be observed. This

relationship is given as a modified version of the time of flight in equation 2 [1].

Rgate = (T
max

� T
min

) c/2 (2)

2.2. Beam propagation

The shape of the beam at the laser cavity can be spatially modeled as a Gaussian

pulse given by equation 3. Where Ag is the complex amplitude of the beam’s

electric field, !o is the beam width of the pulse at z = 0 also known as the beam

waist [1].

gLC (xm,yn) = Age

�(x2
m

+y

2
n

)
!

2
0 (3)

A spatial Gaussian distribution assumes that the laser beam is propagating

in the fundamental transverse mode, TEM00. Free space propagation of the beam

results in divergence of the beam width according to equation 4. Where z is the

propagation distance and � is the wavelength. This is true for distances that are

less than the Rayleigh length [6].

! (z) = !
0

vuut1 +

 
z�

⇡!2

0

!
2

(4)

The laser pulse is also modeled as a Gaussian function in time. Equation 5

shows the power distribution where �w is the temporal width of the pulse and Et

is the energy of the pulse [6].

Pt (t) =
Et

�w

p
2⇡

e
�t

2

2�2
w (5)

2.3. Ambient e↵ects

In most cases the extent of the range and the ambient transmission are the greatest

causes of signal reduction. The reduction of transmitted light is primarily due

to the attenuation caused by absorption and scattering of the particles that are

suspended in the medium. Because the transmission is a function of range, the

ambient conditions become one of the most important aspects that will determine

the signal-to-noise ratio (SNR) and the amount of gain that is required to interpret

the signal. Absorption is considered to be an inherent optical property (IOP) of

the ambient medium. The total absorption found in a given ocean is due to the
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biological and inorganic particulates, colored dissolved organic matter (CDOM),

and the absorption of pure water as expressed in equation 6. It is often the case in

oceanic environments that there are fluorescent particles suspended in the water

as well. The absorption coe�cient of pure water in the visible spectrum is around

10�2[1/m] at 450 nm and reduces to 10�1[1/m] around 570 nm [7]. In general the

optimal transmission window in the most oceans is near 550 nm [8].

a = ap + aCDOM + aw (6)

The Beer-Lambert law in equation 7 gives the relationship between the

attenuation coe�cient and transmission. Where Io is the intensity of the

propagating beam, z is the range, and a is the sum of the attenuation coe�cients

due to absorption and scattering of particles [8].

I = Ioe
�az (7)

The amount of irradiance in the surrounding environment is largely

responsible for the amount of background noise seen at the detector. Typically

during the daytime, there are several hundred watts/m2 of solar irradiance on

the surface of the ocean [9]. This irradiance can vary drastically depending on

the time of day and the cloud coverage. However, when LADAR is being used

well below the surface of the ocean, the amount of environmental irradiance is

greatly decreased. For this reason the depth of operation a↵ects the final SNR in

underwater environments. [10].

3. Implementation

3.1. Code structure

Before the range equation can be applied, three subfunctions must be developed

namely the spatial and temporal distribution of the laser, the creation of a Dirac

known as the target profile, and the selection of the attenuation coe�cient based

on a specific ocean model. The input parameter for each subfunction is given in

the block diagram of figure 1.

The variable ‘pulseE’ is the amount of energy contained in the laser pulse. The

laser pulse energy is spatially distributed by equation 3 and the beam width given

by equation 4. The spatial limits of the plane that is normal to the propagation

direction were defined to be three standard deviations of the Gaussian beam. The

result of the spatial distribution is a 2D array that is passed to a function that

temporally distributes the power according to equation 5. The second subfunction
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requires a command that describes the type of scene. This is represented by the

label ‘wall’ on the left of the block diagram. The scene generator creates a 2D

array that contains the range of every sample in the observed scene. A 3D Dirac

matrix is then created from the 2D scene array with a length that corresponds to

the TOF limits specified by the range gate. This is commonly known as the target

profile. The third subfunction specifies the oceanic model that will be used for

the attenuation coe�cient. It creates a vector of transmission coe�cients based

on the range of each array in the range gate so that the spatial distribution of

transmission coe�cients can be easily applied to the range equation.

Figure 1. A block diagram showing the structure of the code.

The final distribution of energy is calculated by convolving the distributed

laser power with the target profile. The resulting 3D matrix represents all of the

spatial and temporal distributions in the calculation. A for-loop is then used to

visit each array in the range gate to calculate the received power at the detector

for each moment in time according to equation 1. Once the time varying signal of

the detector array has been calculated a subfunction is called that applies speckle,

thermal, and background noises to the signal. Statistical methods are used to

calculate noise which is followed by applying gain. Finally the signal is passed into

a decision engine for reconstructing the scene. Each sample in the photodetector

array contains a time varying signal. Scene reconstruction is based on the TOF

that corresponds to the maximum power for each sample in the array.
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3.2. Validation

Before the oceanic model can be used for experimentation, an example scenario

needs to be defined for validating the code. In this example a fiber laser module

will be down converted to the optimal transmission window at 550 nm with a laser

pulse energy of 0.0001[J ] [11]. For the photodetector a commercially available

SiAPD with an active diameter of 5 mm, a quantum e�ciency of 80%, a dark

current of 3 nA, a gain of 50, and a capacitance of 320 pF will be used [12].

A wall that is normal to the propagation is the simplest case because it

maintains the spatial and temporal distribution of the laser pulse after it is reflected

from the scene. For this reason, all validation was carried out using the wall

scene. The reflectivity, the optical transmission, and the ambient transmission

had a default setting of unity. Averaging techniques are assumed to completely

compensate for speckle. A solar irradiance of 300 [W/m2] will be assumed [9].

Table 1 demonstrates the accuracy of the simulation by making a comparison of

the radiometric values that are expected with the results of the Matlab simulation.

Table 1. Validation of simulation with expected values.

Test Variables and Outputs Test 1 Test 2 Test 3

Test of range ‘Z’ [m] 20 1000 10000

Expected Distant Beam Width [m] 9.00E-03 2.17E-02 2.00E-01

Matlab Distant Beam Width [m] 9.00E-03 2.17E-02 2.00E-01

Expected Energy [J] 6.25E-12 2.50E-15 2.50E-17

Matlab Energy [J] 6.13E-12 2.50E-15 2.50E-17

Test of pulse energy ‘pulseE’ [J] 0.001 0.0005 0.00005

Expected Energy [J] 1.11E-10 5.56E-11 5.56E-12

Matlab Energy [J] 1.08E-10 5.42E-11 5.42E-12

Test of transmission ‘tau atm’ 0.8 0.5 0.2

Expected Energy [J] 7.11E-12 2.78E-12 4.44E-13

Matlab Energy [J] 6.89E-12 2.78E-12 4.17E-13

Test of reflectivity ‘rho t’ 0.5 0.18 0.1

Expected Energy [J] 5.56E-12 2.00E-12 1.11E-13

Matlab Energy [J] 5.42E-12 1.95E-12 1.08E-13

Test of aperture ‘ap diameter’ [m] 0.008 0.004 0.001

Expected Energy [J] 7.11E-12 1.78E-12 1.11E-13

Matlab Energy [J] 6.93E-12 1.73E-12 1.08E-13



Underwater LADAR Radiometry 8

Table 2 validates the Gaussian distributions at 2/3 and 1/2 of the maximum

values found in each distribution.

Table 2. Validation of Gaussian power distributions.

Spatial Validation Temporal Validation

Gaussian Position FWM(2/3) FWM(1/2) FWM(2/3) FWM(1/2)

Expected Value 0.0162[m] 0.0212[m] 3.6021E-09[s] 4.7096E-09[s]

Matlab Result 0.0159[m] 0.0223[m] 3.6000E-09[s] 4.8000E-09[s]

4. Results

The specifications given for the laser module and the photodetector in the

validation example were applied to a scene with a large wall at 20 m and a small

square wall at only 10 m. A medium gray of 0.18 was used for the reflectivity of

both surfaces. The input pulse energy was 1e-4 J. When this scenario was applied

with no attenuation losses, the energy before gain and noise was 2.001e-12 J with

total losses in the amount of -76.98dB.

The deep waters of the eastern Mediterranean Sea are estimated to have an

attenuation coe�cient of 0.0222[1/m] [13]. When the same scenario as above was

used to simulate LADAR in the eastern Mediterranean Sea, the received energy

before noise and gain was 1.093-12 J and the total losses amount to -79.61dB. This

means that the attenuation contributed -2.616dB losses in the signal. The energy

was reduced by 45% due to absorption and scattering.

A third simulation was conducted for the Mediterranean Sea with the wall

distances doubled to 20 m and 40 m, the returned signal was 1.599e-13 J and

the losses were -87.96dB. Doubling the distance caused an additional -8.32dB of

attenuation losses which is a signal reduction of 84%. The signal reflected from

the second wall was weak, so only the first wall was able to be resolved.

Figure 2 provides detailed information about the radiometric distributions

at di↵erent points throughout this simulation. The e↵ect of the spatial Gaussian

distribution becomes evident in the final reconstruction of the scene in Figure 2(f).

In the center of the FOV there is a larger SNR due to the laser beam intensity at

the center of the pulse. The SNR ratio becomes much weaker toward the edges of

the FOV such that the decision function is unable reconstruct the scene correctly.

As expected, the object that is closer to the detector was able to be resolved more

e↵ectively due to a greater SNR.



Underwater LADAR Radiometry 9

6 6.2 6.4 6.6 6.8 7 7.2

x 10
!8

0

0.5

1

1.5

2
x 10

4

time [s]

P
u

ls
e

 E
n

e
rg

y 
[J

] 

(a) Temporal Gaussian Pulse = 0.0001 [J] 
 

x!FOV [m]

y!
F

O
V

 [
m

]

(b) Spatial Gaussian Pulse = 0.0001 [J] 
 Distribution at Laser Cavity

 

 

0.01 0.02 0.03

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

x!FOV [m]

y!
F

O
V

 [
m

]

(c) Scene  
 RangeGate = 10 ! 20 [m] 

 

 

0.01 0.02 0.03

0.005

0.01

0.015

0.02

0.025

0.03

0.035

10

12

14

16

18

20

x!FOV [m]

y!
F

O
V

 [
m

]

(d) Moment in time = 6.9333e!08 [s] 
 

 

 

0.01 0.02 0.03

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0

0.5

1

1.5

2

x 10
!6

0.6 0.8 1 1.2 1.4

x 10
!7

0

0.2

0.4

0.6

0.8

1

x 10
!11

TOF [s]

D
e

te
ct

o
r 

E
n

e
rg

y 
[J

] 

(e) Total Signal Energy = 4.4414e!11 [J] 
 

x!FOV [m]

y!
F

O
V

 [
m

]

(f) Resulting Scene 
 RangeGate = 10 ! 20 [m] 

 

 

0.01 0.02 0.03

0.005

0.01

0.015

0.02

0.025

0.03

0.035

10

12

14

16

18

20

Figure 2. Radiometric results of the oceanic model (a) the temporal

distribution of energy (b) the spatial distribution of energy (c) the scene is a

small square at 10 meters placed in front of a much larger square at 20 meters (d)

example of the photodetector signal at a specific moment (e) the photodetector

energy after noise and gain versus time (f) a reconstruction of the scene.
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5. Conclusions

A radiometric tool was developed in a Matlab framework for assisting in the design

process of LADAR systems for use in underwater environments. The radiometric

model of beam propagation in particulate media was applied and validated with

various tests. The utility of the final product was demonstrated with an example

LADAR system for use in the Mediterranean Sea.
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