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Abstract 
 
The purpose of this master thesis, performed at FOI, was to evaluate a range gated 
underwater camera, for the application identification of bottom objects. The master 
thesis was supported by FMV within the framework of “arbetsorder Systemstöd 
minjakt (Jan Andersson, KC Vapen)”. The central part has been field trials, which 
have been performed in both turbid and clear water. Conclusions about the 
performance of the camera system have been done, based on resolution and contrast 
measurements during the field trials. Laboratory testing has also been done to measure 
system specific parameters, such as the effective gate profile and camera gate 
distances.  
 
The field trials shows that images can be acquired at significantly longer distances 
with the tested gated camera, compared to a conventional video camera. The distance 
where the target can be detected is increased by a factor of 2. For images suitable for 
mine identification, the increase is about 1.3. However, studies of the performance of 
other range gated systems shows that the increase in range for mine identification can 
be about 1.6. Gated viewing has also been compared to other technical solutions for 
underwater imaging. 
 
 
Sammanfattning 
 
Syftet med detta examensarbete, som utförts på FOI, har varit att utvärdera en 
avståndsgrindad undervattenskamera för tillämpningen identifiering av bottenobjekt. 
Examensarbetet är beställt av FMV inom ram för arbetsorder Systemstöd minjakt (Jan 
Andersson, KC Vapen). Tyngdpunkten har varit fältförsök, vilka har utförts både i 
grumligt och klart vatten. Slutsatser har dragits angående prestandan för 
kamerasystemet, baserat på mätningar av upplösning och kontrast vid fältförsöken. 
Tester har även utförts i lab, för att mäta systemspecifika parametrar såsom den 
effektiva grindluckans profil och kamerans grindavstånd. 
 
Fältförsöken visar att bilder kan fås på betydligt längre avstånd med den testade 
grindade kameran, jämfört med en vanlig videokamera. Avståndet där målet kan 
detekteras ökade med en faktor 2. För bilder lämpliga för minidentifiering är ökningen 
cirka 1.3. Studier av andra avståndsgrindade system visar emellertid att ökningen i 
avstånd för minidentifiering kan vara cirka 1.6. Grindad avbildning har också jämförts 
med andra tekniska lösningar för optisk undervattensavbildning. 
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1 Introduction 
Acquiring optical images in an underwater environment is difficult for several reasons. 
The main reason is the attenuation of light in water, which depends mainly on different 
particles. In deep waters there are also very little natural light, which means that the 
target has to be illuminated by some sort of artificial light. When using a conventional 
video camera with lamp illumination, there will be a lot of backscattering of the light, 
similar to the effect of the headlight from a car when it is snowing. One way to reduce 
this problem is to use a range-gated system. A pulsed laser is used to illuminate the 
whole scene, and the imaging detector is then opened only for a very short interval, the 
gate. The opening of the gate is delayed exactly the time it takes for the light to travel 
from the illumination unit, to the target, and back again to the receiving unit. By this 
procedure, the reflections from objects in front of, and behind, the real target arrives at 
the receiver when the gate is closed, and the resulting image will mainly consist of 
reflections from the target, i.e. from a specified range.  

1.1 Background 
Unmanned underwater vehicles, or remotely operated vehicles (ROV:s), are today 
equipped with conventional video cameras and operated from the surface via 
communication cables. There is a need for better imaging systems, as increased image 
quality will improve the possibility to detect and identify objects and speed up the 
search process. In the future autonomous underwater vehicles (AUV:s) will also be 
used, which demands high performance imaging systems. 
 
In other countries range-gated systems have been tested for military purposes, such as 
identification of mines. The Swedish Armed Forces has via FMV, “Försvarets 
materielverk”, financed a project at FOI, “Totalförsvarets forskningsinstitut” to obtain 
a prototype underwater system for range-gated imaging, which is to be tested and 
evaluated. The prototype system, called “Aqua Lynx”, is manufactured by the Russian 
company TURN LLC, which is represented in Sweden by Latronix AB. This master 
thesis was supported by FMV within the framework of “arbetsorder Systemstöd 
minjakt (Jan Andersson, KC Vapen)”. 
 
The gated camera has already been initially tested by FOI, and a master thesis 
concerning the subject has been written (Epparn, 2004). Extensive work is however 
needed in order to evaluate the system. 

1.2 Aim 
The purpose of the work is to investigate the benefits of range gated underwater 
imaging in general, and especially the system “Aqua Lynx”. Tests should be 
performed in order to compare useful resolution, contrast and maximum distance for 
the gated system and a conventional video camera. The result will be an evaluation 
that should be helpful in deciding whether to continue the development of the system, 
buy another gated system or maybe stay with the conventional video technique.  
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2 Identification of Bottom Mines 
The most important application for range gated underwater cameras, for military 
purposes, is the process of identification of bottom mines. In this section, some 
background information about sea mines and mine countermeasures are given. 

2.1 Mine Countermeasures 
Sea mines can be detected and disposed generally according to two different 
principles: minesweeping and mine hunting. 

2.1.1 Minesweeping 
Minesweeping is carried out by minesweepers using mechanical or explosive gear, 
which physically removes or destroys the mine. It can also be done by producing the 
influence field necessary to actuate them, which can be magnetic fields or high noise, 
resembling what is produced by a ship. Minesweeping affects all mines covered by the 
sweep employed, not just one at a time. This method does not require that the mine is 
optically imaged. However, not all mines can be detected and neutralized using 
minesweeping. Primary moored mines and mines sensitive to acoustic or magnetic 
fields are vulnerable to different minesweeping methods. 

2.1.2 Mine Hunting 
All mines that can not be neutralized by minesweeping have to be handled by mine 
hunting. According to Örlogsboken (Försvarsmakten, 2003), this method has the 
capability to put all types of mines out of action. 
 
Mine hunting can be divided into the following four steps: 
● Detection 

The first step is performed by sonars. A lot of objects at the bottom can give echoes 
which have to be further investigated. 

● Classification 
A high-resolution sonar is used in order to classify objects as mine-like or not 
mine-like. Not mine-like objects may be stones or human-made objects that are 
either too big or too small to be mines. As these objects can be numerous, it is 
necessary to sort them out before the time consuming identification phase. 

● Identification 
Mine-like objects are in this step confirmed as being mines. It is also important to 
know what type of mine it is, before choosing suitable countermeasures. 
Identification is performed either by divers, or by unmanned, remotely operated 
vehicles (ROV:s) equipped with cameras. As there always is a risk for unexpected 
detonations when dealing with mines, identification by ROV:s is preferred. 

● Neutralization 
The last step is to neutralize the mine. Normally this is done by attaching an 
explosive charge which destroys the mine. The neutralization is performed by a 
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ROV, where also cameras are used, or if the conditions make that impossible, by 
divers. 

 

2.2 ROV Operation 
The ROV is deployed from a ship and operated via cables. Today, ROV:s are usually 
equipped with a conventional video camera, and the video image is displayed for the 
operator at the surface. There are also vehicles that are equipped to neutralize mines 
under water; ROV-M and ROV-E (Hansen, 2003).  
 
When operating a ROV in clear water, a conventional video camera is usually 
sufficient to give a reasonable long identification distance. In turbid water however, 
the distance where the operator can identify the mine is often shorter than 2 meters. 
This gives the need for better optical sensors, which can be gated cameras or some 
other technical solution. 
 
In the future, it is probable that the identification of mines, and even the other steps in 
the process of mine hunting, can instead be performed by autonomous underwater 
vehicles (AUV:s). The AUV:s will basically have the same need for sensors as the 
ROV:s have today. 
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3 Camera System 
The camera system used in this thesis is a laser based gated camera intended for 
underwater use, called LSV-W Aqua Lynx, see Fig. 3.1. The manufacturer is a 
Russian company, TURN LLC. The system is to be regarded as a prototype, as only 
one, or a few, systems have been built before. This section gives a brief overview of 
gated viewing, and a description of the camera system and its operating procedures. 
 

 
Fig. 3.1 The gated camera system, Aqua Lynx. The illumination unit is to the left in the picture, and the 
receiving unit is to the right. 

3.1 Gated Viewing 
Aqua Lynx is an optical imaging system, based on the technique gated viewing. Gated 
viewing has been most used for applications in air, but comparable underwater 
systems has been tested since 1993 (Fournier, et al., 1993). A gated camera system 
consists of an illuminator and a receiver, which are usually placed close to each other, 
even if they can be at different positions. A short pulse of light is emitted, usually with 
a laser, and a timer is started. The light pulse is spread in order to illuminate the whole 
target which is intended to be imaged. The timer delay is set appropriate to the time it 
takes for the light to travel from the camera, to the target, and back again. For 
underwater systems, the usable distances are often 2 – 10 meters, which gives a delay 
time of only tens of nanoseconds. This implies that the timing device must be very fast 
and accurate. After this delay, the receiver is open only for a time according to how 
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thick layer that is wanted to image. For example, it is possible to image all objects 
between 4 and 6 meters. By gating out all light reflected from particles in front of the 
intended target, the maximal range is increased substantially compared to a 
conventional video camera. By acquiring images with different delays, it is also 
possible to build a 3-D image of the target. 

3.2 Hardware 
The hardware can be divided in a ship’s unit and an underwater unit, see Fig. 3.2. The 
ship’s unit consists of a communication controller, and a personal computer from 
which the camera is operated. The ship’s unit and the underwater unit are connected 
through a cable with length 80 m, which holds both the data communication and the 
power supply to the underwater unit. The underwater parts are built in waterproof 
stainless housing, which consists of two cylinders with a diameter of about 18 cm and 
length 60 cm. The total weight of the underwater parts is 38 kg, and the volume is 20 
liters. 
 
The system was delivered with complete illuminating and receiving replacement units, 
where the original are called Unit I and the replacement are called Unit II. This means 
that there are two replaceable illuminating units, and two replaceable receiving units. 
There is however no replacement unit for the underwater housing and connecting 
cables. The design and basic characteristics of Unit I and II are the same, but there are 
some small differences, see further Section 3.2.4. 
 

 
Fig. 3.2 Schematic view of the camera system (TURN-LLC, 2003). 

 

3.2.1 Illuminating Unit 
The illuminating unit consists of the laser, together with power supplies and 
transmitting optics. The laser is a frequency doubled Nd:YAG. The pulse energy for 
the wavelength 532 nm is about 29 mJ (for Unit I). As there is no filter to attenuate the 
original wavelength of the Nd:YAG laser, the pulse also consists of about 51 mJ of the 
unused wavelength 1064 nm. This means that the minimum distance where the laser is 
eye safe becomes unnecessary long. The pulse repetition frequency (PRF) of the laser 
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is only 0.2 Hz, i.e. one image each 5 seconds. This is a significant limitation, as this 
reduces the possibility to do averaging of several frames. It also makes the system less 
usable for an operator, as the obtained images can not be viewed as a moving video. 
 
According to the system manual (TURN-LLC, 2003), the pulse duration, measured as 
full width at half of maximum (FWHM), should be no more than 10 ns, or between 
7 - 10 ns. Laboratory trials (see Section 6.2.1) indicate however that it is substantially 
shorter. 
 
The transmitting optics consists of a replaceable lens. Available lenses are 50°, 25° 
and 12.5°. See also Section 9.1. 

3.2.2 Receiver Unit 
The receiver unit consists of electronics, receiving optics, an image intensifier tube, 
and a CCD camera. 

3.2.2.1 Receiving Optics 
The receiving optics used in Aqua Lynx is a motorized zoom lens with a focal length 
of 16 – 160 mm. This gives a field of view (FOV) of about 4 – 40° in air, or 3 – 30° in 
water. The minimum distance at which it is possible to obtain a well focused image in 
air is 1.5 m (TURN-LLC, 2003). A particularity with the camera is that the optics is 
quite slow when changing for example the zoom or the diaphragm, and that the 
changes made in the control program is not sent to the underwater unit until an image 
is acquired. This means that the first image acquired after a change in the settings will 
have the optics set in an undefined state. Another problem that has been observed is 
that the camera makes a strange noise when the focus is set at values between 10 and 
20. Even if the function of the camera is unaffected, there is probably some 
mechanical problem. This problem has been noticed for Unit I, but no tests regarding 
this have been done using Unit II. 

3.2.2.2 Image Intensifier 
After that the light has passed through the receiving optics, it is intensified by a 
microchannel plate (MCP) image intensifier tube. Aqua Lynx uses a second generation 
image intensifier tube, with a photocathode diameter of 18 mm. The spectral response 
for the image intensifier is shown in Fig. 3.3. The luminance gain is up to 25000 times. 
Besides the intensification, the image intensifier also works as the shutter, timed by the 
delay electronics, in the gated camera system. The minimum depth of the gate is 10 ns, 
according to the system manual. This is however measured for the control signal to the 
image intensifier. As it will take some time before enough voltage is build up over the 
image intensifier, to allow it to open, the real minimum depth of the gate will be 
smaller than 10 ns. Laboratory trials (see Section 6.2.1) have been performed which 
shows that it is shorter than 6 ns. 
 
A problem with the image intensifier is that the light amplification does not stay 
constant during the time which the gate is open. The applied voltage is shown in Fig. 
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3.4. For values above the amplification threshold, the amplification ratio becomes 
sharply increasing (TURN-LLC, 2005). It is possible that the amplification ratio 
increases even more for the peak values above 850 V. If this is the case, this is 
probably the reason for why the profile of the effective gate does not change, when the 
depth of the gate are changed. This means that the setting for depth does not work at 
all, for any practical use of the camera system. See also Section 6.2.3. 
 

 
Fig. 3.3 Spectral response for the image intensifier (TURN-LLC, 2003). 

 

 
Fig. 3.4 Applied voltage at the microchannel plate (MCP) of the image intensifier tube (TURN-LLC, 
2005). 
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3.2.2.3 CCD Camera 
The intensified light is collected by a CCD camera. The CCD, charge coupled device, 
is of the same type which is used in conventional digital cameras. Aqua Lynx uses a 
SONY ICX419ALL CCD with 752 x 582 effective pixels. The CCD gives intensity 
information only, i.e. a grey scale image. The spectral response of the CCD is shown 
in Fig. 3.5. 

 
Fig. 3.5 Spectral response for the CCD (SONY, 2004). 

 

3.2.3 Delay of Laser Pulse 
The camera is triggered by a signal from the illuminating unit, which activates the 
image intensifier tube after the delay time that is preset in the control program. The 
camera spends some time before it actually opens, meaning that the minimum distance 
to the peak of the gate is as long as 6 m in air, equal to 4.5 m in water. 
 
To delay the laser pulse, and thereby shorten the minimum distance for gated images, 
an optical fiber is attached. This is done by putting a bunch of fibers together, i.e. a 
fiber bundle, and then one end is attached against the aperture of the laser, and the 
other end is pointed towards the target. The fiber is mounted with the emitting end at 
the same distance from the target as the laser aperture. 
 
The length of the fiber which was used at trial 1 was 2.0 meter. The exact refraction 
index for the fiber is unknown, but has been measured to about 1.37. This corresponds 
to a delay of 2.74 m in air, or 2.06 m in water. As the light has to go both back and 
forth to the target, the distance we gain in water is about 1.03 meter. See also section 
6.1.2. 
 
To be able to use the gated camera in more turbid water it was necessary to shorten the 
minimum distance to the gate even more. To do this a fiber with length 5.8 m was 
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attached, and used at trial 2. This fiber is measured to have a refraction index of 1.53, 
giving a distance gain in water of about 3.33 m. The resulting minimum gating 
distance is then 1.25 m in water, measured from the camera aperture to the peak of the 
gate. 

3.2.4 Differences between Unit I and Unit II 
To ensure that all parts of Unit I, the original unit, and Unit II, the replacement unit, 
are working and have similar features, tests have also been made with the replacement 
units mounted in the system. Some differences between the units exist, as will be 
described in the following. 

3.2.4.1 Illuminating Unit 
The laser pulse energy, according to the supplier of the laser, is different. For Unit I, 
the pulse energy is 29 mJ for 532 nm, and 51 mJ for 1064 nm. The values for Unit II is 
slightly smaller, 26 mJ for 532 nm, and 49 mJ for 1064 nm. 

3.2.4.2 Receiving Unit 
When using receiving unit I, the obtained images have black areas in the lower left and 
lower right corners, where no useful information is recorded. See Fig. 3.6. When using 
receiving unit II, the same phenomena can be seen, but now the black areas are bigger, 
and placed in the upper left and lower left corners instead. This is probably due to that 
the image intensifier tube does not cover the whole CCD, and that the mounting of the 
CCD is not exactly the same for both units in relation to the image intensifier tube. 
 
In some images, especially images with high light intensity, a hexagonal pattern, like 
what you can see in a beehive, is clearly visible over the whole image. See Fig. 3.7. 
The pattern is the same, about 15 x 20 hexagons placed very regular in the image. It 
does not show very often in the images, but it is disturbing to look at and makes it 
harder to do image processing on the images. According to a report concerning the 
gated camera LUCIE2 (Weidemann, et al., 2002), the beehive pattern is due to the 
varying transmission through the fiber bundles used to collect the light output of the 
phosphor on the back plate of the image intensifier and reduce it to a size appropriate 
to the CCD. 
 

 
Fig. 3.6 Upper left corner with black area, zoomed 

in for better visibility. 

 
Fig. 3.7 Part of image with beehive pattern. 
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3.3 Software 
All functionality of the gated camera is handled from the control program, which runs 
on a PC with Microsoft Windows. A screenshot is shown in Fig. 3.8. 

3.3.1 Modes of Operation 
The camera can be used in three different modes: 
Active, which is normal gated operation. 
Passive, which is non-gated without illumination. 
Passive with Laser, which is non-gated with laser illumination. 

3.3.2 Settings for Gating 
The delay of the gated camera is set by the Distance setting in the control program, 
and the thickness of the viewed water volume should be set by the Depth setting. As 
mentioned before, the Depth setting does not work properly. It does not change the 
width of the effective gate, which means that this setting does not have any practical 
use. See also Section 6.2.3. 
 
There are two different modes available; air mode and water mode. The only 
difference between the two modes is the available distances for the Distance and 
Depth settings. This does not give any extra options in the settings, as the hardware 
only provides a number of fixed values, and the one that best matches the chosen value 
is used. This creates two problems: the distance setting is not changeable in 
sufficiently small steps, and the values in the control program do not match the real 
values. In Section 6.2.2, the real distances to the gate has been measured, for different 
distance setting in the control program. 
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Fig. 3.8 Aqua Lynx control program. 

3.3.3 Settings for Picture 
The control program has also settings for Brightness and Contrast. These have not 
been used during the trials, as this is software processing only, which can as well be 
done with some other image processing program. It is also important to be able to 
compare unprocessed images. 

3.3.4 Settings for Lens 
Settings for Diaphragm, Focus, Zoom and Amplifier is controlled by relative values 
from 0 – 100. The Diaphragm is the mechanical control of how much light that is 
taken in by the optics, while the Amplifier gauge controls the image intensifier 
amplification. 

3.3.5 Scanner Function 
As a gated camera only is able to look at a preset distance interval, it is useful to be 
able to acquire a series of images with different distance settings. The Aqua Lynx 
control program provides this by the Scanner function. Unfortunately, it does not work 
properly. When using the Scanner function to acquire images, the focus setting is 
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automatically changed to 100. This means that it is only possible to get sharp images 
for long distances. Another problem with the Scanner function is that the program 
crashes every time any unsuspected value is entered, for example when a too large 
number of images are set. 

3.4 Summary 
The gated camera Aqua Lynx has most of the functionality which is wanted for an 
underwater imaging system intended for identification of mines. There are however a 
number of problems that should be taken in account when upgrading this system, or 
when designing a new system. 

3.4.1 Problems 
• The pulse repetition frequency, PRF, is only 0.2 Hz. See Section 3.2.4.1. 
• Minimum gating distance should be shorter. See Section 3.2.3. 
• Values in the control program for Distance and Depth does not match the real 

distances. See Section 3.3.2. 
• The Depth setting does not work properly, as it does not change the width of the 

effective gate. See Section 3.3.2. 
• There is no filter to avoid the unused wavelength 1064 nm. 
• A hexagonal pattern is visible in some images. See Section 3.2.4.2. 
• There are black corners in the images. See Section 3.2.4.2. 
• The minimum focus distance should be shorter than 1.5 m. See Section 3.2.2.1. 
• There is a strange noise when the focus is set to values between 10 and 20. 
• The scanner function does not work properly. 

3.4.2 Suggestions for Improvements 
• A higher PRF is needed. An optimal value could be about 250 Hz to be able to 

do averaging of about 10 images for each frame presented to the operator, and 
still get a frame rate of 25 Hz. 

• Shorter minimum gating distance is desired. 
• Settings for Distance and Depth should be in nanoseconds instead of meters, at 

least in a prototype system. In an operational system, meter scaling could be 
preferable. 

• The optics for the illumination unit could be variable, to match the FOV. This is 
a more complex system, but it would economize the laser power better. 
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4 Comparison with Other Systems 
Before evaluating a particular system for underwater imaging, it is useful to know 
something about systems using other technical solutions, and different systems based 
on the same principles. 

4.1 Other Technical Solutions for Underwater Imaging Systems 
This section consists of general descriptions of some technical solutions for optical 
underwater imaging, which can be alternatives to gated viewing. 

4.1.1 Laser Line Scanner 
Laser line scanning reduces the effects of backscatter and forward scatter (see Section 
5.2.2) by synchronously scanning a narrow, continuous, laser beam and a narrow field-
of-view receiver across the sea bottom. The continuous beam is swept from one side to 
the other, and one sweep generates one line in the image. When performing the next 
sweep, the platform has moved slightly forward, and the next line in the image can be 
obtained. The obtained resolution and contrast is very good, and the maximum range 
can be up to 7 attenuation lengths (Jaffe, 1990). For a definition of attenuation length 
(AL), see Section 5.2.3. 
 
Tests have shown that laser line scanning systems generates images at longer distances 
and with higher contrast than laser range gated systems (Strand, 1997). These tests 
show a maximal range of 7 - 8 attenuation lengths for a laser line scanning system, 
compared to 5 - 6 for a range gated system. The range gated system used in this 
comparison was the See-Ray system, see Section 4.2.2. 
 
A major drawback of line scanning systems is that it takes some time to generate the 
whole image, which gives sensitivity to platform movement and makes it difficult to 
design systems with high frame rates. Most line scanning systems is also dependent on 
the platform moving forward, in order to generate the image. This is because the 
scanning is only performed horizontally, and not vertically. 

4.1.2 Pulsed Laser Line Scanner 
A laser line scanner can also be designed as a pulsed system. With a pulsed laser and a 
receiver with time resolution, it is possible to get range information in every pixel, and 
generate a 3D-image. With this approach the maximal range can be as much as 12 – 13 
attenuation lengths (Steinvall, et al., 2001). There is however no operational system 
that uses this solution, which makes predictions about the performance quite unsure.  
 
Another problem is that the system demands a very high PRF, as one laser pulse only 
generates one pixel in the image. There are today no lasers available with a PRF high 
enough to build a system with both a sufficient resolution, and a sufficient high frame 
rate.  
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4.1.3 Streak Tube Imaging Lidar 
The Streak Tube Imaging Lidar (STIL) is an imaging system which utilizes a fan beam 
of pulsed laser light together with fast receiver hardware which permits time resolution 
of the reflected illumination. STIL, developed by Arete Associates, has demonstrated 
high resolution 3D-imaging for identification of underwater targets. 
 
The Streak Tube Imaging Lidar generates one image line for each laser pulse, which 
gives the possibility to design systems with sufficient high frame rates using lasers 
with moderately high PRF. 
 
STIL has been used both from airborne and underwater platforms for detection, 
classification and identification of underwater objects as mines (Steinvall, et al., 
2001). 

4.1.4 3-D Camera 
A 3-D camera technology has been developed by Advanced Scientific Concepts Inc, 
called 3-D Imaging Underwater Laser Radar. This technology offers the potential for 
performing three-dimensional range-resolved imaging with a single camera, as the 
time is measured separately for each pixel. It will employ a two-dimensional high-
bandwidth detector pixel array, and each pixel in the array will be coupled to a fast 
sampling device (Ulich, et al., 1997). No known 3-D camera for underwater platforms 
is operational, but the technology will probably be more common in the future, as the 
ability to get a whole 3-D image instantly has a great potential. 
 
The required PRF is relatively low for 3-D cameras, as one pulse generates a whole 
image. A problem with the systems that are under development is instead that the 
detector pixel array, which is a very expensive and complex part of the system, limits 
the resolution significantly. 

4.1.5 Fluorescence Camera  
The optical imaging systems in Sections 4.1.1 to 4.1.4, as well as gated cameras, can 
be combined with fluorescence sensors. The principle behind this technique is that 
when an object is illuminated with light of a certain wavelength, the object may emit 
light of different wavelengths. Generally, man-made objects will have a fluorescence 
that differs from natural objects, and it will therefore be possible to for example detect 
a mine surrounded by seaweed.  
 
Today there are no know system designed particularly for searching underwater mines 
(Steinvall, et al., 2001). There are however research projects going on. Measurement 
of fluorescent characteristics of coral reef environments using a laser line scanning 
system has for example been performed by American researchers (Strand, et al., 
1997). 
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4.2 Other Gated Viewing Systems 
In this section other gated camera systems are described briefly and specific features 
are compared to Aqua Lynx. In Table. 4.1 specifications for the compared range gated 
systems are given. One thing to notice is that the PRF and pulse energy differs 
significantly, and that systems with higher pulse energy not necessarily have better 
performance. For the principles behind gated viewing, see Section 3.1. 

4.2.1 Canada: Laser Underwater Camera Image Enhancer LUCIE 
The most complete and highest performing underwater gated camera system is LUCIE 
(Fournier, et al., 1993), developed by the Canadian Defence Research Establishment 
Valcartier. The first version of LUCIE (laser underwater camera image enhancer) uses 
a 2-kHz diode-pumped frequency-doubled Nd:YAG laser as an illumination source. 
The light is collected by a 10-cm-diameter zoom lens. The detector is a gated image 
intensifier with a 7-ns gate and a gain that is continuously variable from 500 to 
1,000,000. A second version, LUCIE 2, has been developed and tested for mine 
warfare applications (Weidemann, et al., 2002). The new version is a more compact 
and less power consuming design. It also has some new features, for example a laser 
that can be zoomed to match the FOV of the camera. The performance of LUCIE has 
proved to be good, a vertical bar target was imaged at 7.35 AL, and images of a 
resolution panel was acquired at distances of at least 4.55 AL. For LUCIE 2, images of 
a resolution panel at 5.0 AL has been acquired, where 16 mm wide resolution lines 
were distinguishable. 

4.2.2 USA: SPARTA See-Ray 
The American company SPARTA Inc. has developed a range gated camera system 
called See-Ray (Swartz, 1994). The illuminator is a Q-switched, frequency doubled 
Nd:YAG laser operating at 532nm with output of  >l00 mJ per pulse, and the receiver 
is a microchannel plate intensified CCD camera, custom manufactured for SPARTA 
by XYBION Electronic Systems. The system has been built in two versions, one hand 
held for divers and one remote version suitable for ROV operation. Images of a 
resolution target have been acquired for distances up to 5.6 AL. At a distance of 6.4 
AL the resolution target can be detected, but no details are visible (Strand, 1997).  

4.2.3 Denmark: High Accuracy 3-D Laser Radar 
Researchers at the Danish Defense Research Establishment have developed a range 
gated camera with very high range accuracy and the possibility to construct 3-D 
images in a few seconds (Busck and Heiselberg, 2004a; Busck and Heiselberg, 
2004b). The system has not yet been mounted in an underwater frame, but initial tests 
in a water tube have been performed (Busck, 2005). The aim is to develop a system for 
optical identification of sea mines. 

4.2.4 USA: Short-pulse Range Gated Optical Imaging in Turbid Water 
American researchers (McLean, et al., 1995) have tested a gated camera system with 
gate times down to 120 ps, and have been able to show improved imaging 
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performance due to the short gate time. The laser used was a Nd:YAG at 532 nm and a 
0.5 ns FWHM laser pulse. Images of a resolution target at 6.5 AL were recorded. 
 

4.2.5 Singapore: Underwater Lidar Imaging 
A range gated camera system has been tested in a 3 m water tank filled with turbid 
water, and gated images of a resolution panel were acquired (He and Seet, 2004). The 
system consists of a YAG laser at 532 nm with 5 ns, 160 mJ pulse, and an intensified 
CCD video camera. 
 
Table. 4.1 Specifications of different range gated camera systems. The figures are from the references 
(Busck, 2005; Fournier, et al., 1993; He and Seet, 2004; McLean, et al., 1995; Swartz, 1994; TURN-LLC, 
2003; Weidemann, et al., 2002), or calculated from specifications in these. For Aqua Lynx, the pulse length 
and minimum gate are based on results from the laboratory trials, see Section 6.2.1. 

 

 

Aqua 
Lynx  
 
 

Canada: 
LUCIE 
 
 

Canada: 
LUCIE 2 
 
 

USA: 
SPARTA 
See-Ray 
 

Denmark: 
High 
Accuracy 
3D Laser... 

USA: 
Short-pulse 
range 
gated… 

Singapore: 
Underwater 
Lidar 
Imaging 

        
Type of laser Nd:YAG Nd:YAG Nd:YAG Nd:YAG Nd:YAG Nd:YAG Nd:YAG 
Wavelength 
[nm] 532 532 532 532 532 532 532 
PRF [Hz] 0.2 2000 22000 30 32400 unknown unknown 
Pulse energy 
[mJ] 29 0.024 0.0136 > 100 0,0043 160 160 
Average 
power [mW] 5.8 80 300 unknown 140 300 unknown 
Pulse length 
[ns] < 6 8 5 6 < 0.5 0.5 5 
Minimum 
gate [ns] < 6 7 3 5 0.2 0.120 6.1 
Type of 
intensifier 
tube 

MCP  
18 mm 

MCP 
 

MCP  
25 mm 

MCP 
 

MCP  
25 mm 

MCP  
18 mm unknown 

Maximum 
gain 25000 1000000 1000000 unknown unknown unknown unknown 
Image frame 
rate [Hz] 0.2 30 30 30 50 unknown unknown 
Maximal 
range for 
detection 
[AL] 6.7 7.35 unknown 6.4 unknown 6.5 unknown 
Maximal 
range for 
identification 
[AL] 4.8 > 4.55 > 5.0 5.6 unknown unknown unknown 
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5 Optical Properties of Water 
When evaluating an underwater optical imaging system, it is useful to know something 
about the parameters that influences the propagation of light in water. 

5.1 Propagation Speed 
The speed of light in a vacuum c0 is a fundamental physical constant, defined as 
c0 = 299 792 458 m/s. Light travels slightly slower through any real material. In water, 
the propagation speed cw is equal to c0/nw, where nw is the real part of the index of 
refraction of water. The index of refraction depends on four parameters: temperature, 
salinity, pressure, and wavelength. The extreme values of nw, 1.329128 and 1.366885, 
show that nw varies by less than 3% over the relevant parameter range (Mobley, 1994).  
 
In this report, nw = 1.333 is used, which is a good approximation of the index of 
refraction in lake water or brackish sea water, where the field trials are performed. 

5.2 Attenuation 
The attenuating effects on propagating light, per unit distance in water, can be divided 
into the two mechanisms absorption and scattering, described by the absorption and 
scattering coefficients a and b. The beam attenuation coefficient c states the portion of 
a parallel (collimated) light beam that is either absorbed or scattered, when the light 
moves through water. The relation between these three parameters is: 
 

bac +=  [m-1] Eq. 5.1 

5.2.1 Absorption 
Absorption is simply the portion of light that is absorbed by the water volume. For 
pure water, the absorption is the dominating part of the total attenuation. Scattering 
effects can however dominate absorption at all visible wavelengths in waters with high 
particle load. For an optical imaging system, the absorption can often be handled by 
increasing the power of the illumination source, or increasing the intensification at the 
receiver.  

5.2.2 Scattering 
Scattering is light that changes its direction when passing through the water. Scattering 
is often divided in forward- and backscattering, depending on the angle that the light is 
turned from its original direction. Scattering can not be handled by increasing the 
illumination, as that will increase the scattering proportionally to the increase in light 
returned from the target. For a conventional camera, the phenomenon of 
backscattering is especially easy to see. In turbid water, at relatively long distances, it 
will dominate the whole image. Backscattering has to be handled by sophisticated 
technical solutions, for example a gated camera, as in the current application. 
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5.2.3 Attenuation Length 
In order to compare images acquired in different water qualities and at different 
distances, the concept attenuation length AL is often used. Attenuation length is the 
attenuation coefficient c times the physical distance l between the camera and the 
target. 
 

lcAL ⋅=  [dimensionless] Eq. 5.2 

5.3 Wavelength Dependence 
As the absorption and scattering is dependent on which wavelength that is used, this is 
a factor that has to be considered when designing an optical underwater imaging 
system. From Fig. 5.1 it can be seen that it is in the visible band, or near that, that the 
suitable wavelengths can be found. The spectral absorption and scattering coefficients 
for pure water, around the visible band, are given in Fig. 5.2. The total attenuation is 
lowest for wavelengths between 400 – 500 nm. Unfortunately, it is not advisable to 
just choose a wavelength in this region, as both attenuation and scattering will depend 
most on what type of particles and dissolved substances there are in the water. An 
example of this is shown in Fig. 5.3, where the optimal wavelength is somewhere 
around 575 nm. This shows that it is impossible to choose a wavelength that is optimal 
for all waters, but instead it is essential to choose a wavelength that is reasonable good 
for all waters where it will be used. 
 
When choosing the wavelength for an imaging system, it is also necessary to choose 
one where it is possible to design an effective laser. Therefore the 532 nm of the 
frequency doubled Nd:YAG is a good choice. 
  

 
Fig. 5.1 Spectral absorption coefficient of pure water (solid line) and of pure sea water (dotted line) as a 
function of wavelength (Mobley, 1994). 



Range Gated Viewing with Underwater Camera 2005-09-06 
Adam Andersson  version 1.0 

 21

 

 
Fig. 5.2 Spectral absorption and scattering coefficients in pure water (Mobley, 1994). 

 

 
Fig. 5.3 Examples of spectral absorption coefficients a for various waters. Waters dominated of 
phytoplankton are shown in (a), (b) is for waters with high concentration of nonpigmented particles, and 
(c) is for waters rich of yellow matter (Mobley, 1994). 
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6 Laboratory Trials 
As Aqua Lynx is in many aspects a prototype system, the features of the hardware are 
in many parts unknown. Therefore it has been necessary to do extensive laboratory 
testing of the system before any field trials could be performed. 

6.1 Beam Characteristics 
In order to make accurate calculations of the laser intensity, it is useful to know the 
exact characteristics of the laser beam. Therefore it is necessary the measure the beam 
divergence, and the distribution of light on the illuminated area. 
 
Only the 25º lens has been used, as it is rather complicated and time consuming to 
switch lenses. It can however be assumed that the beam characteristics is similar for 
other lenses, except for the divergence. 

6.1.1 Beam with 25º Lens 
For measurement of the real divergence in air, images was acquired with the laser and 
camera pointed at a panel at a distance of 0.70 m. The panel was marked with distance 
marks each 20 cm, and it was found out that 40 cm corresponded to about 473 pixels. 
 
A problem with the laser beam is that the energy distribution is quite uneven over the 
illuminated area, see Fig. 6.1. This will give differing intensity in the acquired images, 
which degrades image quality. To avoid this, a diffuser, consisting of a frosted tape, 
has been attached to the laser aperture. An image of the light distribution with the 
diffuser attached is shown in Fig. 6.2. 
 
The graphs in Fig. 6.3 and Fig. 6.4 show the intensity profiles along a line drawn from 
the peripheral parts of the beam in to the center of the beam, with and without a 
diffuser in front of the laser aperture. 
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Fig. 6.1 Image of a white panel illuminated by the 
laser beam without diffuser. 

 

 
Fig. 6.2 Laser beam with attached diffuser. Only 
the lower left quarter of the circular beam is shown 
in the image. 
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Fig. 6.3 Beam profile without diffuser. 

 

0 50 100 150 200 250 300 350 400 450 500
20

40

60

80

100

120

140

160

180

200

 
 
Fig. 6.4 Beam profile with diffuser. 

 
 
For the case without diffuser, the beam has a radius of length 0.186 m (220 pixels). 
The divergence angle is then calculated as °≈ 30)7.0/186.0arctan(*2 . This corresponds 
quite well to the mark on the lens, 25º. The beam intensity is however much greater at 
the central parts. A better measure of the beam divergence is to use the full width at 
half of maximum (FWHM). In this case we get a FWHM of only about 7º. 
 
When using the diffuser, we get a more homogenous distribution, and a beam intensity 
with FWHM of about 35º. 
 

Center  
of beam 

Center  
of beam 
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6.1.2 Beam with Fiber Delay  
The camera system has also been used with the laser beam delay by an optical fiber, 
see Section 3.2.3. As this will influence the outgoing laser, the beam characteristics 
have to be measured for this configuration as well. 

6.1.2.1 Beam divergence 
With the fiber delay attached to the system, the beam divergence is smaller than 
without the fiber. A calculation corresponding to that in section 6.1.1, gives a FWHM 
divergence angle of about 24º. The emitting aperture in this case is the bare fiber ends, 
as the energy distribution is acceptable without any diffuser. The beam intensity 
profile is shown in Fig. 6.5. 
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Fig. 6.5 Beam profile with attached fiber delay. 

6.1.2.2 Energy Losses 
The pulse energy will be considerably reduced by the fiber delay, mainly due to the 
fact that the fiber is attached outside the laser chassis, a couple of centimeters after that 
the beam has already been spread by the 25º lens. This means that only the central part 
of the laser beam will get in to the fiber, as the diameter of the fiber is much smaller 
than the diameter of the spread laser beam at that distance. 

 

 
Fig. 6.6 Laser beam with fiber delay. 
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In order to estimate the energy losses, pictures have been acquired both with and 
without the fiber delay, and the camera configured with the same settings. The laser 
beam with the fiber delay is shown in Fig. 6.6, and one without the delay is shown in 
Fig. 6.2. We assume that the pulse energy in an area corresponding to one pixel is 
approximately proportional to the pixel value, which makes it possible to estimate the 
relative energy between an image with fiber delay and one without. The calculations 
are made by simply dividing the sum of pixel values from the image acquired with the 
fiber delay, with the sum from the image without delay. As it was impossible to fit the 
whole illuminated area from the latter image, with the actual configuration, only one 
quarter is summed and then multiplied by four. 
 
This gives that the energy of the laser pulse after the fiber delay is about 25% of the 
pulse without the fiber, i.e. the energy loss is 75%. As the energy for Unit I, at 532 nm, 
is 29 mJ, the energy after the delay should be approximately 7 mJ. 
 
It should be pointed out that this calculation is only approximate, no further 
investigation has been made of the influence of error sources, such as the properties of 
the CCD, the selection of the area to sum etcetera. 

6.2 Gate Characteristics 
The gate characteristics of the camera system include the profile of the effective gate, 
and the delay and depth of the gate. 

6.2.1 Measurement of the Effective Gate Profile 
The effective temporal or distance gate profile can be defined as the interval where 
objects in the image are visible. This corresponds to the convolution of the laser pulse 
and the gate of camera. The characteristics of the gate, produced by the image 
intensifier, are difficult to measure separately. This makes it better to look directly at 
the effective gate profile. A straightforward method to do this is to place distance signs 
at relevant distances in the field of view, and then measure the intensity at the signs in 
a gated image. 
 
A non gated image of the test setup is shown in Fig. 6.7, and a gated image used for 
intensity samples is shown in Fig. 6.8. Signs were placed at every 0.25 meter in the 
interval 4 to 7 meters, where the gate was supposed to be with the chosen distance 
setting of 5 meter in air mode, and every 0.5 meter in front of and behind that interval. 
The 2 m fiber delay, see Section 3.2.3, was used in this test. It has been ensured that 
the result is the same without the fiber, or with a longer fiber, except for the delay. The 
resulting plot of the intensity values for the effective gate profile can be seen in Fig. 
6.9. Notice that position of the peak of the gate does not exactly match the chosen 
setting. For example, in Fig. 6.8 and Fig. 6.9, the peak is at 5.27 m. More information 
about the gate delay is given in Section 6.2.2. 
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Similar measuring of the effective gate profile has earlier been made by researchers in 
Singapore (He and Seet, 2004), where it is called depth of gating (DOG) profile, and 
defined as single way propagation. 
 
The FWHM for the effective gate (LEG) can be measured in Fig. 6.9, which gives a 
value of 1.0 m in air. This corresponds to only 3.3 ns for single way propagation and to 
6.7 ns for two-way propagation. If both the laser pulse and the gate are assumed to 
have Gaussian temporal distributions, the length of the effective gate FWHM, two-
way propagation, should be equal to 
 

22
GPEG LLL +=  Eq. 6.1 

 
where LP is the pulse FWHM and LG the gate FWHM. This is because it can be shown 
that by convolution of two Gaussian functions, the variances are added, i.e. 

222
LGLPLEG σσσ += . Further holds that the standard deviation σ is proportional to the 

length L. 
 
This gives an upper bound on both the pulse length (LP) and the gate length (LG) of 
6.7 ns. Almost certain both LP and LG are below 6 ns, as none of them can be equal to 
zero. If assuming LP = LG, this gives LP = LG = 4.7 ns. This is significantly lower than 
the specifications in the system manual, which gives the values LP = 7 – 10 ns and 
(minimum) LG = 10 ns. To get more accurate values for the length of the laser pulse 
and the time while the image intensifier is open, measurements of the laser pulse alone 
are needed. 

 

 
Fig. 6.7 The setup for the test. 
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Fig. 6.8 Gated image, distance setting 5 in air mode. 

 

3 4 5 6 7 8 9 10
0

50

100

150

200

250

In
te

ns
ity

 v
al

ue

Distance in air (m)
 

Fig. 6.9 Profile of the effective gate. 

 

6.2.2 Measurement of the Gate Delay 
The control program has a setting for distance that sets the gate delay to a chosen 
value. Unfortunately, the real distance to the gate does not exactly correspond to the 
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chosen value. When acquiring gated images underwater, it is important to know at 
which distance the gate really are. The setup for measuring the gate delay was similar 
to the setup in Section 6.2.1, and the distance to the peak of the gate where measured 
for all settings that could be useful at the field trials. The results are presented in Table. 
6.1 and Table. 6.2. Some settings have only been tested with the 2 meter fiber 
attached, and the values for the system without fiber delay and with the 5.8 meter fiber 
has thus been calculated from the measured values. The values in Table. 6.1 and Table. 
6.2 have been used during the field trials, to be able to set the gate delay distance to a 
value that matches the distance to the target. As mentioned in Section 3.3.2, the option 
of using Air mode or Water mode, only affects the available distance settings. When 
operating the camera system, in air or in water, it is therefore possible to choose freely 
between the modes. 
 
There is a substantial jitter in the delay setting. The actual distance to the gate peak for 
a specific setting can differ with as much as 0.17 m. Therefore all values are averaged 
from at least three images. The jitter standard deviation for the peak of the effective 
gate is calculated to 0.115 m. 
 

Table. 6.1 Distances to gate peaks, in air. (m) 

Distance setting No fiber 2 m fiber 5.8 m fiber 
Air mode, 4 6.10 4.73 1.66 
Air mode, 5 6.53 5.27 2.20 
Air mode, 6 8.06 6.68 3.66 
Air mode, 7 9.64 8.04 5.10 
Air mode, 8 10.98 9.60 6.52 
Air mode, 9 10.95 9.64 6.51 
Air mode, 10 12.31 11.00 7.94 
Air mode, 11 13.69 12.32 9.25 
Air mode, 12 13.69 12.32 9.25 
Air mode, 13 14.94 13.57 10.50 

    
Water mode, 3 5.95 4.69 1.56 
Water mode, 4 6.65 5.28 2.26 
Water mode, 5 9.53 8.16 5.15 
Water mode, 6 11.19 9.82 6.63 
Water mode, 7 12.46 11.09 7.96 
Water mode, 8 12.50 11.13 7.98 
Water mode, 9 13.69 12.32 9.25 

Water mode, 10 14.94 13.57 10.50 
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Table. 6.2 Distances to gate peaks, in water. Calculated from values for air/1.333. (m) 

Distance setting No fiber 2 m fiber 5.8 m fiber 
Air mode, 4 4.58 3.55 1.25 
Air mode, 5 4.90 3.95 1.65 
Air mode, 6 6.05 5.01 2.75 
Air mode, 7 7.23 6.03 3.83 
Air mode, 8 8.24 7.20 4.89 
Air mode, 9 8.21 7.23 4.88 
Air mode, 10 9.23 8.25 5.96 
Air mode, 11 10.27 9.24 6.94 
Air mode, 12 10.27 9.24 6.94 
Air mode, 13 11.21 10.18 7.88 

    
Water mode, 3 4.46 3.52 1.17 
Water mode, 4 4.99 3.96 1.70 
Water mode, 5 7.15 6.12 3.86 
Water mode, 6 8.39 7.37 4.97 
Water mode, 7 9.35 8.32 5.97 
Water mode, 8 9.38 8.35 5.99 
Water mode, 9 10.27 9.24 6.94 

Water mode, 10 11.21 10.18 7.88 
 

6.2.3 Measurement of the Gate Depth 
In order to test the setting for depth of gating, distance signs were set up similar to the 
test setup in Section 6.2.1. Images were acquired for a depth of gating of 6 meters, Fig. 
6.11, and for a depth of gating of 25 meters, Fig. 6.12. The distance setting was 4 
meter in air mode, which corresponds to a distance to the peak of the gate of 6.1 meter. 
A non gated image is shown in Fig. 6.10. With the depth of gating set to 6 meter, all 
distance signs from about 6 meters, up to 6 + 6 = 12 meters, should be visible. For the 
depth of gating of 25 meters, signs should be visible up to 6 + 25 = 31 meters. 
 
Beside the peak of the gate at around 6 meters, the signs for 9 and 9.5 meters are 
visible for both gate depths. In the image according to gate depth 25 meter, the signs 
for 12 and 12.5 meters can also barely be distinguished. This was the only difference 
between the tested depth settings that could be observed with this method. The 
conclusion is that the depth setting does not work, at least not in a way that makes it 
useable for acquiring images. See also Section 3.2.2.2. 
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Fig. 6.10 Non-gated image of the setup for the lab test. 

 

 
Fig. 6.11 Gated image with depth setting 6 meter. Distance is 4 meters in air mode. 
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Fig. 6.12 Gated image with depth setting 25 meter. Distance is 4 meters in air mode. 

 

6.3 Pulse Energy Reduction with Filter 
In order to predict the maximum range for underwater gated images, for this camera 
system, images was acquired in the laboratory with the laser beam energy reduced by 
optical filters. Filters with different optical densities were tested, and it was found out 
that it is possible to obtain a gated image, with good quality, with the laser reduced by 
a factor of 1000 (using a filter with optical density 3, OD = 3). A filter with OD = 4 
was also tested, but with that filter the imaged target became almost indistinguishable. 
During this trial, the 2 m optical fiber delay was used. 
 
Using the equations 6.2 and 6.3 below, together with the transmission value in water, 

t = 0.001, it is possible to solve the predicted maximum range r (
14.0083.1

9078.6
+⋅

=
c

r

    Eq. 6.4). The maximum range as a function of the attenuation 
coefficient is plotted in Fig. 6.13. An additional plot is also made (dashed line), for the 
needed transmission divided by four. This is supposed to correspond to using the 
camera system without the fiber delay attached, as this will decrease the pulse energy 
approximately by a factor of four. 
  

t  = rcKe )( +−
     Eq. 6.2 

 
cK ⋅+= 083.014.0     Eq. 6.3 

 

14.0083.1
9078.6
+⋅

=
c

r     Eq. 6.4 
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Fig. 6.13 Calculated maximal range as a function of the attenuation coefficient. This is based on 
laboratory trials for Aqua Lynx, and should not be regarded as an estimate of the performance for range 
gated systems in general. The solid line is for using Aqua Lynx with the 2 m fiber delay, and the dashed 
line is calculated for not using the fiber delay. 

6.4 Summary of Laboratory Trials 
Important specifications of the camera system have been measured, and a delay of the 
laser pulse via an optical fiber has been tested. The fiber delay is used in order to get a 
shorter minimal gate distance, which is needed in turbid water. The laboratory trials 
shows that the fiber delay works as intended, and that the remaining pulse energy 
should be sufficient. 
 
If more precise values are wanted for the length of the laser pulse, and the time while 
the image intensifier is open, separately performed measurements of the laser pulse are 
needed. This is left for future work.  
 
A prediction of the maximal range for Aqua Lynx has been made. This is made by a 
combined practical and theoretical approach. Earlier work, based on entirely 
theoretical calculations, shows significantly longer ranges (Epparn, 2004). However, 
results from earlier field trials show very good accordance to this new approach. 
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7 Field Trials 
The purpose of the field trials was to compare the performance of the gated camera 
with a conventional video camera. The gated camera has also been used in non-gated 
mode, to evaluate the increase in range which is due to the range gating. It is assumed 
that the performance in non-gated mode should be approximately the same as for a 
conventional video camera. Two trials were performed; trial 1 in clear water, with c = 
0.45 /m, and trial 2 in turbid water, with c = 1.75 /m. The attenuation coefficient c was 
measured with a calibrated Hobi Labs c-Beta transmissometer. 
 
A secondary purpose was to acquire images suitable for reconstruction of a 3D-model 
of a target. The 3D-modeling however, is part of another project and is not included in 
this thesis. 

7.1 Trial 1, Clear Water 
The site for trial 1 was in the Hästholmen harbor, by the lake Vättern in Sweden. 

7.1.1 Water Quality 
The attenuation coefficient was measured with a transmissometer to c = 0.45 /m This 
is a relatively clear water type. 

7.1.2 Method 
Two targets were used for the trials: a 1 m x 1 m white/black resolution panel and a 
grey 3D-target in the shape of a cube with the side length 0.4 m. 
 

 
Fig. 7.1 Resolution panel, 1 m x 1 m. 

 
Fig. 7.2 3D-target, side length 0.4 m. 

 
 
The targets were placed at the bottom, at a depth of 2.2 m, and the camera was 
suspended in ropes and lowered to 1.0 m depth below the water surface. Thus, the 
camera position was slightly above, and some meters away from the targets. This was 
done in order to, as far as possible, arrange a setting similar to when an underwater 
vehicle is identifying mines. To simplify the movements and documentation of 
distances, the horizontal distance were used when setting up the target and camera. 



Range Gated Viewing with Underwater Camera 2005-09-06 
Adam Andersson  version 1.0 

 36

Due to this, all distances in the following figures have been recalculated, to show the 
exact distance. The trials were performed after sunset, and no lamps were present in 
the vicinity of the camera or the target. This reduced the ambient light to a minimum, 
giving deep sea lightning conditions. 
 
The gated camera, Aqua-Lynx, was used both in gated mode and non-gated mode with 
laser illumination. All images from the gated camera were acquired with a 2 m fiber 
delay attached to the laser aperture, to be able to acquire images at shorter distances. 
See furter Section 3.2.3. Images of the cube were acquired for the horizontal distances 
2.5 – 10.0 m, with 0.5 m steps, and for the resolution panel at the distances 3.0 – 9.0 
m, with 1.0 m steps. 
 
A conventional video camera was used to acquire comparative images under the same 
test conditions as the gated camera. These tests were also performed in a dark 
environment, with a diving lamp attached to the video camera as the only light source. 
To attempt to minimize the effect of the backscattering, the lamp was mounted with 
two different horizontal separations between the camera and the lamp, 18 cm and 78 
cm. For the 3D-target, only the 18 cm separated mounting of the lamp was used. 
Images were acquired for the horizontal distances 2.5 – 5.5 m, with 0.5 m steps. 
Unfortunately, the lamp was not operating at maximum power, due to weak batteries. 
Therefore, all video images of the resolution panel were probably more degraded 
because of the poor illumination, than from the backscattering. The images acquired 
with the lamp separated 18 cm from the camera were the best, and have been used in 
the following comparative images and in the figures for resolution and contrast. The 
video camera used in the trial is a MiniDV camera from Sony. 

7.1.3 Comparative Images 
One way to evaluate the differences in image quality is simply to look at the pictures. 
Because of the large amount of rocks and stones on the bottom, it was not possible to 
place the resolution panel exactly horizontally. There is also a dark area at the bottom 
right corner where the resolution panel is hidden behind a rock. Some images of the 
resolution panel at different distances and with different imaging modes are shown in 
Fig. 7.3 to Fig. 7.12. The images have been scaled to obtain the same figure sizes. For 
distances larger than 5 m the video images are not shown, due to poor image quality. 
The comparative images shown in this section have not been enhanced with any other 
image processing than contrast and intensity adjustments. 
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Fig. 7.3 
Gated image at 3.0 m. The whole 
target is not visible, since the 
image was acquired with a too 
narrow field of view. 

 
Fig. 7.4 
Non-gated image at 3.0 m. 

 
Fig. 7.5  
Video image at 3.0 m, with lamp 
separated 18 cm from camera. 

 
 

 
Fig. 7.6 
Gated image at 5.0 m. 

 
Fig. 7.7 
Non-gated image at 5.0 m. 

 
Fig. 7.8  
Video image at 5.0 m, with lamp 
separated 18 cm from camera. 

 

 
Fig. 7.9 
Gated image at 7.0 m. 

 
Fig. 7.10 
Non-gated image at 7.0 m. 
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Fig. 7.11 
Gated image at 9.0 m. 

 
Fig. 7.12 
Non-gated image at 9.0 m. 

 
From the images at 7.0 and 9.0 meters above, it is easy to see that the non-gated 
images are much more degraded with increasing range, than the corresponding gated 
images. It was not possible to acquire any images with the conventional video camera 
at the distances 7 and 9 meters. However, if the illumination had been better, it is 
reasonable to assume that it should have showed a similar performance as the gated 
camera in non-gated mode. 
 
Images of the 3D-target has also been acquired, and comparative images is presented 
in Fig. 7.13 to Fig. 7.27. 
 

 
Fig. 7.13 
Gated image at 2.5 m. 

 
Fig. 7.14 
Non-gated image at 2.5 m. 

 
Fig. 7.15 
Video image at 2.5 m. 

 
 

 
Fig. 7.16 
Gated image at 4.0 m. 

 
Fig. 7.17  
Non-gated image at 4.0 m. 

 
Fig. 7.18  
Video image at 4.0 m. 
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Fig. 7.19  
Gated image at 5.5 m. 

 
Fig. 7.20  
Non-gated image at 5.5 m. 

 
Fig. 7.21  
Video image at 5.5 m. 

 
 

 
Fig. 7.22  
Gated image at 6.5 m. 

 
Fig. 7.23  
Non-gated image at 6.5 m. 

 

 
 

 
Fig. 7.24  
Gated image at 7.5 m. 

 
Fig. 7.25  
Non-gated image at 7.5 m. 

 

 

  
Fig. 7.26 
Gated image at 8.5 m. 
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Fig. 7.27  
Gated image at 9.5 m. 

 

7.1.4 Contrast 
One way to measure how the image quality is changed by an increasing range to the 
target is to measure the contrast in the images. When acquiring the images, the 
diaphragm and amplifier settings have been set to obtain approximately the same 
intensity in the images. It has been ensured that the intensity does not influence the 
relative contrast. This was done by acquiring images at the same target and distance, 
but with different diaphragm and amplifier, and then measuring the contrast. 
 
A black field by the dimension 20 x 30 cm was attached to the resolution panel, 
adjacent to a white field with the same dimension. The intensity for the black field 
( blacki ) and the white field ( whitei ) is then calculated as the mean intensity for the pixels 
in a selected area. See figure Fig. 7.28 and Fig. 7.29 . 
 

 
Fig. 7.28 Resolution panel at 3.0 m with 

contrast measuring areas marked. 

 
Fig. 7.29 3D-target at 3.5 m with contrast 

measuring areas marked. 

 
The contrast is then defined as: 
 

whiteblackwhite iiiC /)( −=  Eq. 7.1 
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Optical underwater imaging devices have earlier been compared using this definition. 
This was done by for example Strand (Strand, 1997). 
 
To compensate for the fact that the range gated images not always have the peak of the 
effective gate at the same range as the target, due to jitter, the images with the best 
contrast have been selected. This is also done for the non gated images and for the 
images from the video camera, to get equal conditions. 
 
The contrast for the video images of the resolution panel is probably limited by the 
lamp, see section 7.1.2. Therefore the comparison between the images acquired with 
the gated camera system and the conventional video camera may be somewhat 
inadequate. 
 
The results for the contrast measurements are presented in Fig. 7.30 and Fig. 7.31. The 
relative contrast has in the figures been multiplied by 100, to show the contrast in 
percent. The conclusion that can be drawn is that the contrast is degraded faster in the 
non-gated images than in the gated images, especially for the case with the grey 3D-
target, which has a lower inherent contrast than the resolution board. Further 
conclusions of the contrast comparisons are given in Section 7.3.1. 
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Fig. 7.30 Contrast on resolution panel, as a function of distance. 
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Fig. 7.31 Contrast for images of the 3D-target, as a function of distance. 

 

7.1.5 Resolution 
The simplest measure of resolution is to estimate the size of the smallest objects that 
can be resolved at different distances. The resolution panel (see Fig. 7.1) was set up 
with groups of three bars with the width 2, 4, 6, 8, 10, 12, 14, 16, 20, 24, 26 and 30 
mm. 
 
Another way to show the resolution is to calculate the number of resolvable pixels for 
the whole image, horizontal x vertical. The horizontal number of pixels is shown in 
Fig. 7.33. 
 
The difference in resolution is quite small, with both the methods used. However, the 
resolution is higher in the gated images. Further conclusions of the resolution results 
are given in Section 7.3.1. 
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Fig. 7.32 Resolution in mm, as a function of distance. 
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Fig. 7.33 Resolution in pixels, as a function of distance. 
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7.2 Trial 2, Turbid Water 
The site for trial 2 was at the FOI test facility in Djupviken, in the Stockholm 
archipelago. 

7.2.1 Water Quality 
The attenuation coefficient, c, was measured with a transmissometer. A couple of 
hours before the images of the resolution panel were acquired, the attenuation was 
measured to c = 1.9 /m. In the morning after the trial, the attenuation was measured to 
c = 1.6 /m. It is possible that the higher value is due to disturbed particles from the 
bottom, as it was measured after that the targets had been placed. In the evaluation of 
the images, it has been assumed that c was about 1.75 /m. This is a relatively turbid 
water type. 

7.2.2 Method 
The target used in trial 2 was a resolution panel with the dimension 0.4 x 0.6 m, see 
Fig. 7.34. The resolution bars were 2, 4, 8, 16 and 32 mm wide. A larger white/black 
area suitable for contrast measurements was also attached onto the panel. 
 

 
Fig. 7.34 Resolution panel for trial 2 

 
The resolution panel was placed at the bottom at 2.0 m depth. As the bottom was 
sloping towards the camera, the camera could be lowered to the same depth as the 
target and still be supported with its ropes. 
 
A fiber delay with length 5.8 m was attached to the laser aperture; see Section 3.2.3 at 
page 9. 
 

7.2.3 Comparative Images 
From the following images it is easy to observe that the gated images are less degraded 
with increasing range than the non-gated. 
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Fig. 7.35 Gated image at 1.25 m. 

 
Fig. 7.36 Non-gated image at 1.25 m. 

 

 
Fig. 7.37 Gated image at 1.45 m. 

 
Fig. 7.38 Non-gated image at 1.45 m. 

 

 
Fig. 7.39 Gated image at 1.65 m. 

 
Fig. 7.40 Non-gated image at 1.65 m. 

 

 
Fig. 7.41 Gated image at 1.95 m. 

 
Fig. 7.42 Non-gated image at 1.95 m. 
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Fig. 7.43 Gated image at 2.45 m. 

 
Fig. 7.44 Non-gated image at 2.45 m. 
The resolution panel is not visible in  
this image. 

 

 
Fig. 7.45 Gated image at 2.75 m. 

 

 

 
Fig. 7.46 Gated image at 3.83 m. 
The resolution panel is still detectable,  
but no details are resolvable. 
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7.2.4 Contrast 
The contrast for the gated images and non-gated images acquired with Aqua-Lynx was 
measured for the resolution panel in Fig. 7.34 and are presented in Fig. 7.47. A similar 
calculation as for trial 1 in Section 7.1.4 was performed in trial 2.  
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Fig. 7.47 Contrast as a function of distance. c = 1.75 /m. 

7.2.5 Resolution 
The resolution obtained for gated and non-gated images are presented in Fig. 7.48. 
Here it can be seen that the resolution at the shortest distance are the same for the 
gated and the non-gated images, but that the gated images has higher resolution for all 
longer distances. 
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Fig. 7.48 Resolution as a function of distance. c = 1.75 /m. 

 

7.3 Evaluation of Field Trials 
Both direct inspection of the images, and the figures for contrast and resolution, shows 
an increase in range for gated imaging. This holds for the trials in both clear and in 
turbid water. 
 
To be able to compare the results from clear water with those from turbid water, it is 
possible to use the number of attenuation lengths as a measure of distance, instead of 
the physical distance. The attenuation length AL is calculated as the physical distance l 
multiplied with the attenuation coefficient c. See also Eq. 5.2. 
 

7.3.1 Contrast and Resolution 
In Fig. 7.49 and Fig. 7.50 we can see that the results from clear water (Hästholmen) 
and turbid water (Djupviken) are fairly similar. One difference is that it seems like 
both contrast and resolution are better for turbid water than for clear water, when 
compared according to attenuation lengths. A reason for this may be that the image 
quality is partly bounded by the optics at the longer distances. Another reason may be 
changes in the attenuation coefficient due to mixing of the water with particles from 
the bottom. 
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Fig. 7.49 Contrast on resolution panel from Hästholmen, c = 0.45, and Djupviken, c = 1.75. 
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Fig. 7.50 Resolution in mm from Hästholmen, c = 0.45, and Djupviken, c = 1.75. 
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To better show the gain in distance we get from range gating for a given contrast value 
when compared to non-gated images, the relative increase in distance is shown in Fig. 
7.51 and Fig. 7.52. The calculations for these figures are made by first checking the 
contrast or resolution for non-gated images for a certain distance, and then calculate at 
how much longer distance it is possible to acquire a range gated image with the same 
contrast or resolution. 
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Fig. 7.51 Increase in distance, compared to non-gated images, where range gated images can be acquired 
without degraded contrast. 
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Fig. 7.52 Increase in distance, compared to non-gated images, where range gated images can be acquired 
without degraded resolution. 

When comparing the contrast, there is an increase in distance for the gated images of 
between 30–40%. When comparing the distances with regard to the resolution 
however, the increase is much smaller; for shorter distances there is no increase at all, 
and for longer distances we get between 15-25% range improvement. The increase for 
longer distances is probably to a great part due to the lack of contrast in the non-gated 
images, so the conclusion is that there are no, or a very small, increase in resolution for 
the range gated images, at short distances. The increase in contrast is however 
substantial. 
 
The measured resolution is also affected by the amount of noise in the images. No 
work has been done to measure the signal to noise ratio in the gated or the non-gated 
images. If this is performed in future work with the range gated camera system, it may 
be possible to better determine how the obtained resolution is affected by increasing 
distance. 

7.3.2 Maximal Range for Detection 

7.3.2.1 Trial 1 
In clear water, the longest distance where the 3D-target could be detected in non-gated 
images was 6.6 m. For range gated images the same distance was 10.1 m. In 
attenuation lengths, the increase was from 3.0 to 4.5. 
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The resolution panel, which has a higher contrast than the 3D-target, could be detected 
in non-gated images at 8.1 m. Gated images was not acquired for longer distances than 
9.1 m, so the exact maximal range for gated images at a high-contrast target is 
unknown. It is however assumable that the relative increase in range is similar to that 
for a low-contrast target (the 3D-target). This would give a maximal range of about 12 
m. In attenuation lengths, the increase would then be from 3.6 to 5.4. 

7.3.2.2 Trial 2 
In turbid water, the longest distance where the resolution panel could be detected in 
non-gated images was 1.95 m. For range gated images the same distance was 3.83 m. 
In attenuation lengths, the increase was from 3.4 to 6.7. 

7.4 Summary of Field Trials 
The gated system in gated mode did produce usable images at longer distances than in 
non-gated mode with laser illumination. When comparing images acquired at the same 
distance, both contrast and resolution is better for the gated images. The improvement 
was greater for the 3D-target than for the resolution panel. A conclusion of this could 
be that there is more to gain with underwater range gating for low-contrast targets than 
high-contrast targets. 
 
The assumption that Aqua-Lynx in non-gated mode should have the same performance 
as the conventional video camera could not be proved, due to technical difficulties 
with the lamp. However, the test with the 3D-target indicates that this is the case. 
Therefore it is relevant to evaluate the benefits of range gating by comparing gated 
images from Aqua-Lynx with non-gated images from Aqua-Lynx. 
 
When acquiring images suitable for identifying mines, the increase in distance that we 
obtain from range gating is typically 30-40%, and in some cases up to 50%. The 
improvement is larger for low-contrast targets than for high-contrast targets. If only 
detection is wanted, the increase in distance can be even longer, up to two times the 
distance obtainable from non-gated images. 
 
To fully benefit from the increase in distance, some image processing is needed. 
Averaging of several frames is the single most effective measure. By averaging several 
frames, a large amount of noise can be removed and the resolution is increased, see 
Section 8.2.1. From our experience, the frame averaging gives larger improvements 
for gated images than for non-gated images. 
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8 Image Processing 
The aim of this master thesis does not include any thorough investigation of what can 
be done with image processing. It is however necessary to somewhat look into this 
subject, as range gated underwater images often contains a substantial amount of 
noise. This section gives some examples of what can be gained by image processing. 

8.1 Contrast Enhancement 
In an underwater optical imaging system, designed for mine identification by ROV, it 
is important that the images presented to the operator looks nice. Example of a contrast 
enhanced image can be seen in Fig. 8.2, with the unprocessed image as comparison in 
Fig. 8.1. Contrast enhancement techniques for gated images do not differ for the ones 
used for conventional images. However, if there is no contrast in the original image, 
there is nothing to gain by contrast enhancement.  
 
Automatic contrast enhancement algorithms can be incorporated, and performed in 
real time, in an operative gated camera system. 

 

 
Fig. 8.1 Unprocessed gated imaged. 

 
Fig. 8.2 Contrast enhanced gated image. 

8.2 Noise Reduction 
As range gated images contains a large amount of noise, there is a need for noise 
reducing algorithms. In this section some examples of different techniques for noise 
reduction are given. 

8.2.1 Averaging of Several Frames  
The single action that makes the greatest enhancement for range gated underwater 
images is averaging of frames. An example is shown in Fig. 8.3. The averaging has 
been performed manually in MATLAB. The different frames had to be adjusted both 
horizontal and vertical in order to align the target. This is due to movements of the 
camera between the frames, which makes the target to appear in slightly different 
positions in the image from frame to frame. An operational system could be designed 
with a frame rate high enough to acquire a series of frames sufficiently fast that the 
camera has not moved between frames. 
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8.2.2 Median Filtering 
Median filtering is a nonlinear operation often used in image processing to reduce "salt 
and pepper" noise. Median filtering is effective when the goal is to simultaneously 
reduce noise and preserve edges. The principle is that each output pixel contains the 
median value in the m-by-n neighborhood around the corresponding pixel in the input 
image. An example of a 3 x 3 neighborhood median filter image is given in Fig. 8.5. 
The resulting image does not have any real improvement in experienced image quality, 
so the conclusion is that this method are not, at least not alone, suitable for range gated 
images. 
 

Fig. 8.3 Image of resolution panel at 7 m, averaged 
from 7 frames. 

 
Fig. 8.4 Original image of resolution panel at 7 m. 

 
 

 
Fig. 8.5 Median filtered image, 3 x 3 neighbourhood, 
 of resolution panel at 7 m. 
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9 Laser Safety 
The illuminating unit in the camera system consists of a powerful laser. In this chapter 
we give a review of the safety aspects of the system. The safety aspects of the system 
have earlier been addressed in other publications or reports see (Epparn, 2004; FOI, 
2004; TURN-LLC, 2003). The new safety aspects not given in earlier reports are 
related to the fiber delay in Subsection 9.3.3. 

9.1 Laser Characteristics 
According to the operation manual (TURN-LLC, 2003), the pulse energy is: 
Unit I, 532 nm = 29 mJ 
Unit I, 1064 nm = 51 mJ 
Unit II, 532 nm = 26 mJ 
Unit II, 1064 nm = 49 mJ 
 
Pulse length: 7 -10 ns 
Pulse repetition frequency (PRF): 0.2 Hz 
 
According to the operation manual, the pulse energy has been measured by the 
supplier of the laser, and a certificate of the tests was delivered with the system. The 
certificate is however only for 532nm, so the figures for 1064nm have not been 
verified. Unit I has the highest pulse energy, and since the operator of the system may 
not know which unit is in use, all calculations have been made with the figures of the 
stronger unit. It is also assumed that the pulse length is always 10 ns. As long as it is 
between 1 ns and 100 ns, it will not affect the calculations. The intensity of the laser is 
somewhat irregular, and therefore 25% is added to the pulse energy used in the 
following calculations. 
 
Pulse energy for Unit I, λ1 = 532 nm, Q1 = 36.25 mJ 
Pulse energy for Unit I, λ2 = 1064 nm, Q2 = 63.75 mJ 
 
The divergence of the laser beam depends on which lens that are attached to the 
system. The available lenses are as follows: (calculated with refraction index for water 
nw = 1.333) 
 
Table. 9.1 Available lenses for transmitting optics. 

 Divergence in air,φ  Approximate divergence in water,φ  
Lens a 50° 37.5° 
Lens b 25° 18.5° 
Lens c 12.5° 9° 
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9.2 Laser Classification 
According to “Statens strålskyddsinstitut”, (SSI, 1993) , a laser has to be defined by its 
laser class. The classification is done as described in the Swedish standard SS-EN 
60825-1 (SS, 2003), which is the same as the European standard EN 60825-1 and IEC 
60825-1. For each class there is a maximum emission level permitted, called AEL, 
accessible emission limit. This limit can be given in watts (W) or joule (J), depending 
on the duration of the emission. A laser should be placed in a class where the laser 
emission not succeeds the class limit. For lasers that emits more than one wavelength 
in spectral regions that are additive, the sum of the ratios for the different wavelengths 
in the class should not exceed 1. In our case we get the following formula: 

1
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=

N

i i

i

AEL
Q  

Because of the high pulse energy, it is obvious that this laser should be placed in class 
3B or class 4, where class 4 includes all lasers that do not belong to any lower class. 
For class 3B, with a duration of between 1 ns and 0.06 s, and wavelength λ1 = 532 nm, 
AEL = 0.03 J. For λ2 = 1064 nm, AEL = 0.15 J. With this values and the formula 
above we have: 
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This shows that the laser belongs to class 4, even if it is close to class 3B. 
By adding a filter to remove the unused wavelength 1064 nm, and removal of the 
safety margin of 25% (which could be done after a more accurate measurement of the 
laser pulse), the laser could probably be put in class 3B. However, it is now a class 4 
laser. 

9.3 Minimum Safety Distances 
In the Swedish standard SS-EN 60825-1, the maximum permissible exposure (MPE) is 
given for laser radiation. For different wavelengths, exposure times etc, there are 
different values for MPE to ensure that the radiation is not hazardous to the human eye 
or skin. Using these values, it is possible to calculate the minimum safety distances for 
the laser. 

9.3.1 Single Pulse 
For the wavelength region 400-700 nm, visible light, and a pulse length in the range 
10-9 – 1.8*10-5 s, the MPE (for eye exposure) for a single pulse is 5*10-3*C6 J/m2. For 
the wavelength region 1050-1400 nm (invisible light) and the same pulse length range, 
the MPE is 5*10-2*C6*C7 J/m2. The factor C6 depends on the width of the light 
emitting surface in the laser. For the distances that this system is to be operated from, 
the width of the emitting surface can be neglected, and therefore C6 = 1. This 
assumption is conservative, because an extended source gives a higher MPE than a 
point source. The factor C7 depends on the wavelength and for 1064 nm C7 = 1. This 
gives the MPE for λ1 = 532 nm to MPE1 = 0.005 J/m2, and the MPE for λ1 = 1064 nm 
to MPE2 = 0.05 J/m2. The corresponding figures for exposure to skin are MPE1 = 200 
J/m2 and MPE2 = 1000 J/m2. 
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When calculating the safety distance for a laser with more than one wavelength, the 
sum of the ratios, according to the following formula, should not exceed 1. 

1
1
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N

i i

i

MPE
I , where Ii = average energy density (J/m2) 

The average energy density is calculated by simply dividing the pulse energy, Q, by 
the area, A, over which the radiation is spread. The area A can be expressed as a 
function of the distance r (in meters) to the laser source, and the divergence angleφ : 

2))2/tan(()( φπ rrA =  
This expression for the area is not exact, but a good approximation for small angles. 
The simplification is conservative, as it is smaller than the real area and the real 
average energy density is therefore smaller than the one used. 
Combining these expressions gives: 
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Setting this expression equal to 1, and solve r, gives: 
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For example, by using this expression with figures for the conditions that gives the 
highest distance (lens c, in water, φ = 9°), we get: 
 reye = 21.0 m 
 rskin = 0.12 m 
 
This is however not sufficient to fully determine the minimum safety distance, due to 
the possibility that a person can be exposed to several pulses. 

9.3.2 Multiple Pulses 
When determining the MPE for a pulsed laser, the most restrictive of the following 
three requirements should be used: (SS-EN 60825-1, section 13.3) 
 
a)  The exposure from any single pulse within a pulse train shall not exceed the 

MPE for a single pulse. 
b)  The average exposure for a pulse train of exposure duration T shall not exceed 

the MPE for a single pulse of exposure duration T. 
c) The average exposure from pulses within a pulse train shall not exceed the MPE 

for a single pulse multiplied by the correction factor C5, where C5 = (number of 
pulses)-1/4  

 
For case a), the result is the same as for a single pulse, because all pulses in the pulse 
train have approximately the same intensity. 
 
For case b) the duration T first has to be settled. For our system the pulse repetition 
frequency, PRF, is as low as 0.2 Hz, i.e. one pulse every 5 seconds. The most likely is 
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that a person is only exposed to one pulse. However, if you have been hit by one pulse, 
and waited 5 seconds, you may think that it has stopped, open your eyes and get hit by 
another pulse. Therefore the calculations are made with T = 10 s, that is a maximum of 
2 pulses. 
 
The exposure for a pulse train with duration of 2 pulses is for λ1, Q1 = 2 * 36.25 = 72.5 
mJ and for λ2, Q2 = 2 * 63.75 = 127.5 mJ. For the wavelength 532 nm, and a pulse 
(exposure duration) length of 10 s, we get, for exposure to eye, MPE1 = 2.10118 75.0 ≈t  
J/m2. For the wavelength 1064 nm and a pulse length of 10 s, we get, for exposure to 
eye, MPE2 = 1.50690 75.0 ≈t  J/m2. 
The corresponding figures for exposure to skin are MPE1 = 1956110*1.1 25.04 ≈t  J/m2 
and MPE2 = 9780510*5*1.1 25.04 ≈t  J/m2. 
Using these figures in the expression for minimum distance r, with the conditions that 
gives the highest distance (lens c in water, φ = 9°), we get: 
 reye = 0.23 m 
 rskin = 0.016 m 
This is much smaller than what we will get from a single pulse, so it is case c) that will 
give the limiting distances. 
 
For case c) we have the same calculations as for a single pulse, multiplied by C5 = 2-1/4 

= 0.841 
This will give us the following minimum distances:  
Exposure to eye: 
 Min distance in air (m) Min distance in water (m) 
Lens a, 50°  3.9 5.3 
Lens b, 25°  8.2 11.1 
Lens c, 12.5°  16.5 22.9 
 
Exposure to skin: 
 Min distance in air (cm) Min distance in water (cm) 
Lens a, 50°  2.1 2.9 
Lens b, 25°  4.4 6.0 
Lens c, 12.5°  8.8 12.3 
 
No calculations of the absorption of light in air or water have been made. Especially in 
water, that would considerably shorten the minimum distance.  

9.3.3 Fiber Delay 
The system has also been tested with the laser passing trough an optical fiber, in order 
to delay the laser pulse. See also section 3.2.3. 
Calculations in section 6.1.2 shows that the divergence angle is about 24°, and the 
emitted pulse energy with the 2 meter fiber is about 25% of the energy emitted without 
the fiber. This is supposed to hold also for the wavelength 1064 nm. 
 
This will give us the following minimum distances:  
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Exposure to eye: 
 Min distance in air (m) Min distance in water (m) 
Lens b, 25°, with 2 
m fiber delay 

4.3 5.7 

 
Exposure to skin: 
 Min distance in air 

(cm) 
Min distance in water (cm) 

Lens b, 25°, with 2 
m fiber delay  

2.3 3.1 

 
For a longer fiber, the emitted energy will be somewhat smaller, and the minimum 
safety distances shorter. 

9.3.4 Recommended Operative Minimum Distances 
Now it is possible to decide which safety precautions that should be used. It is a good 
idea to simplify the rules for how to use the system as much as possible, as the users 
otherwise may think it is too difficult and therefore omit following the rules. 
Additional margins are also needed to compensate for the fact that distances could be 
incorrectly measured etc. In the FOI document “Säkerhetsutlåtande, appendix 6 
Säkerhetsföreskrift” [8], the minimum safety distance to use when operating the 
system, has been settled as follows: 
 
Lens marking 
(divergence of laser beam in air) 

50° 25° 12.5° 

Safety distance 7 m 15 m 30 m 
 
It has been decided to use the same distances in air as in water, and no exception has 
been done for the use of the system with a fiber delay attached. 
 
It should be mentioned that the minimum operative distances may be changed in the 
future, if the system specifications are changed as the system is further developed. For 
example, a lower pulse energy can make the minimum distance shorter, while a higher 
PRF can make it longer.  
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10 Conclusions 
The gated underwater camera Aqua Lynx has been tested, and it has been found that 
gated viewing can improve the performance of optical imaging systems for the 
application mine identification. 
 
An important conclusion is that a future system must have a significantly higher pulse 
repetition frequency (PRF). If a gated camera system is to replace the conventional 
video system used on remotely operated vehicles (ROV:s) today, the image frame rate, 
presented for the operator, must be at least 10 Hz. To make it comfortable to look at, 
and thereby facilitate the identification process, it must be at least 25 Hz. It is also 
wanted that the system should have integrated, automated frame averaging 
capabilities. Accordingly, the PRF has to be multiplied by a factor 10. This gives a 
desired PRF of about 250 Hz. 
 
When comparing Aqua Lynx to conventional video cameras, the range where it is 
possible to acquire images suitable for mine identification, is increased approximately 
from 3.5 AL to 4.8 AL, or by a factor 1.3. I should be mentioned that many 
conventional video systems will have a maximum range much shorter than 3.5 AL, as 
this demands optimal placement of the illumination, often in combination with an 
intensified camera. It should also be noted that these figures concern high-contrast 
targets (white-black resolution panel) and that low contrast targets, such as mines, can 
result in higher improvements. 
 
There are several competing technologies for optical underwater imaging. Some of 
these can have better performance when the maximum distances are compared. These 
technologies have however the disadvantage of being relatively complex and 
expensive solutions. Therefore, range gated cameras are often more suitable, when a 
simple and reliable system is wanted. 
 
Other gated underwater camera systems may have somewhat better performance than 
Aqua Lynx. Studying of research in the area indicate that the maximum range for mine 
identification by gated cameras is approximately 5.5 AL. Comparing this to 
conventional video gives an increase in range by a factor 1.6. 
 
For the application mine identification, an increase in range by factor 1.6 give an 
increase in viewed area by approximately 1.6*1.6≈2.5, as the increased sight allows 
the ROV to move faster over the area that should be searched. Another advantage is 
that when it is not necessary to operate the ROV so close to the bottom, less sediment 
degrading the sight will be disturbed. This means that there are more to benefit from 
using a range gated camera system than what can be seen from the simple increase in 
distance.  
 
Future work on developing the range gated system Aqua Lynx, or building a new 
system, may include more theoretical calculations of the needed laser pulse energy. 
Furthermore, a user interface for the operator is needed, where the depth setting for the 
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gated camera can be automatically fetched from a sonar. This will remove the need to 
manually scan the water volume with different depth settings. 
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