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Executive summary  
This document presents System Two which is the final hardware version of the UTOFIA camera.  

System Two fulfils most of the design goals set for the system. An overview is given along with 

performance parameters and first-hand experiences using System Two. Experimental results from test 

trials and results of components performed on system level are also presented. Finally, the individual 

components comprising System Two are briefly described.  

System Two was built to:  

¶ Demonstrate the technology towards potential markets.  

¶ Be as small as possible within the projects limits to hopefully appear practical for customers. 

¶ Become an experimental tool to test and verify new possibilities.    

Two factors have greatly contributed to a significant size reduction;  

¶ a new and extremely compact small diameter laser  

¶ a support flange in the middle of the housing that allowed a thinner housing wall. 

The camera was already small but has been modified to overlap somewhat with the laser to reduce total 

length. Unfortunately, the demand for a wider field of view has resulted in a much longer lens. Still the 

housing volume is less than 7 litres and with potential for future length reduction. 

For the software/firmware part of System Two, focus has been put on handling low intensities, 

visualization and 3D algorithms. For the hardware part focus has been on more laser power, reduced size, 

pressure resistance to more than 300 meters and a larger field of view.  

Compared to System One, this system provides numerous improvements. In summary, our experience is 

that:  

¶ Housing has been tested and found leak safe to depths of at least 250 meter. 

¶ System communication has passed the test through 70 m submerged cable. 

¶ Laser from BRI has passed tests and is successfully included in System Two, showing low jitter. 

¶ The thermal control, including feedback from thermistor and motor control are effective 

¶ A new interface board connecting camera, laser, Arduino µ-controller has successfully been set up 

to handle the thermal control as well as the motor, lens focusing motor and laser monitoring.  

¶ The reduced size of System Two is a valuable feature that makes operation simpler 

¶ System Two delivers live 3D data of high quality 

¶ Range gating works well. Even in poor water conditions the backscatter is suppressed very well. 

¶ The new firmware algorithms work as well as expected with a framerate of higher than 10 Hz. 

We have performed preliminary testing in two practical applications ï sea bed observation and fish 

farming. Based on these preliminary tests, we see that Utofia provides good images compared to a non-

gated reference system. The combined 3D and intensity images make a real difference. In detail: 

¶ Utofia eliminates backscatter and obtains images with good contrast. The limitation is the signal 

to noise when illumination is attenuated by the water.  

¶ The 3D information makes a difference not only towards enabling biomass estimation and object 

sizing, but also to enhance contrast of underwater objects which otherwise are easily overlooked.  

¶ The combined display of backscatter-free images and depth information provides more pleasant 

images that are easier to interpret for the operator.  

¶ Utofia's performance is in the middle of expected performance for range gated system, providing 

data up to approximately 4.5 attenuation lengths (5 m harbour waters, 15+ meter sea water) 

We believe this system will open several possibilities within the marine sciences, especially with regards 

to fish behavior and size estimation.  
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1 UTOFIA motivation and background 

UTOFIA will offer a compact and cost-effective underwater imaging system for turbid environments. 

Using range-gated imaging (Figure 1), the system will extend the imaging range by factor 2 to 3 over 

conventional video systems. At the same time, the system has the potential to provide video-rate 3D 

information. 

This will fil l the current gap between short-range, high-resolution conventional video and long-range low-

resolution sonar systems. 

UTOFIA offers a new modus operandi for the main targeted domains of application: marine life 

monitoring, harbour and ocean litter detection, fisheries stock assessment, aquaculture monitoring, and 

seabed mapping. 

 

Figure 1: Range-gating reduces the effect of backscattering. In this figure an underwater object at 

a distance of approx. 9m is imaged. The graph shows the reflected signal from a laser pulse as a 

function of time. The first peak of the curve corresponds to backscattering from particles in the 

water. The second, attenuated peak corresponds to the reflection from the object that we are 

interested in (e.g., a lobster). The camera shutter is kept closed for approximately 50ns before it 

opens. Since the image is created from an integration of all light received, when the first 50 ns is 

gated out, most of the backscattering contribution to the fundamental noise is removed.  

1.1 Relationship with other deliverables 

The system presented in this document relates on the following deliverables: 

D1.1 ï Preliminary end user requirements and system specification: This document presents the baseline 

design of System One 

D1.2 ï Revised end user requirements and system specifications: This document summarizes the 

differences between the plan in D1.1 and the System One actually built, and also the specs for System 

Two.  

D2.3 ï Describes the laser used by System Two.  

D4.3 ï Presents the housing used by System Two, and also the detailed beam shaping optics.  

D5.4 ï Details the capabilities of the firmware embedded in System Two.  

These deliverables are consortium-internal, so some of the relevant illustrations/information has been 

copied in here for the benefit of consortium-external readers.  

1.2 Contributors 

The following partners have contributed to this deliverable: SINTEF 
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2 System Two ς overview and performance summary 

System Two was built to:  

¶ Demonstrate the technology towards potential markets.  

¶ Be as small as possible within the projects limits to hopefully appear practical for customers. 

¶ Become an experimental tool to test potential and/or verify performance for new possibilities.     

The baseline design for System Two is given in D1.2, summarized in Table 1. A technical successful 

System One laid the ground for System Two. With all the "basic functions" like cooling and 

communication working, the focus was to reduce the diameter.  Two factors have greatly contributed to a 

significant size reduction;  

¶ a new and extremely compact small diameter laser  

¶ a support flange in the middle of the housing that allowed a thinner housing wall. 

The main trade-off was between laser volume and laser power. Having experienced how much more 

practical System One was compared to System Zero the bias was towards a smaller size. This resulted in 

keeping the laser configuration but tune the power up and squeeze the diameter (and volume) as much as 

possible. The Odos camera was already small but was modified to overlap somewhat with the laser to 

reduce total length.  

Unfortunately, the demand for a wider field of view has been difficult to fulfil . Large sensor area combined 

with short focal length and a large aperture gives a long lens with a large diameter. The focal length from 

System One was kept but a lens that could cover the whole sensor chip was chosen. This resulted in a 

longer lens. This lens increases the FOV by 50%. However, to read out the whole chip takes longer time 

and the frame rate drops. This means that performance is lost when using maximum field of view. And 

even at maximum FOV we are not fulfilling the customer's requirement. This is not a fundamental problem. 

A shorter focal length lens in the same series exist. This could give us a FOV around 70 degrees. In 

retrospect, this could have been done. SUB came up with a very nice design for the front flange that could 

have been further developed to handle a larger diameter lens. This lens will require a complex window 

supporting structure and maybe stronger materials. There will be very little material between the windows. 

It is not clear that this could have been done within the budget. It will however, be possible to find a 

solution for limited depths.  

Compared to System One, this system provides numerous improvements in terms of compactness, laser 

power, depth rating, firmware and software analysis algorithms. Housing volume is less than 7 litres and 

there is potential for future length reduction.  

The System Two camera is mechanically similar to the front of a standard ODOS camera and uses the 

14µm pitch sensor from ODOS. All tests are done with this sensor. The new FHG chip could be used since 

it will fit inside the front of an Odos camera, with a small spacer under the camera window to compensate 

for the somewhat higher sensor socket.  

Firmware inside the camera is updated and includes new features. The main difference is that the camera 

will give depth estimates at > 10 Hz rep-rate. There are also numerous other features to improve image 

quality. Like taking background images for automatic background subtraction, do pixel binning to increase 

signal to noise.  

Except for the somewhat lower field of view, System Two fulfils all the requirements given in D1.2, as 

summarized in Table 1. Furthermore, almost all of the relevant risks have been cleared as described in 

Appendix C.  

System Two will be fully capable of revealing the potential for this technology in numerous applications. 

The 3D feature seems to be particularly interesting for sizing and bio estimates. 
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Table 1: System Two specifications based on the revised end users survey D1.2 (2016) 

UTOFIA basic specifications  System One Status for 

System Two 

Range  0.5 to 5 m(1) OK  

FOV 70° to 90° 31° Nom 45° 

Max 49° 

Depth 300 m (2) 100 m  

3D Not mandatory(3)   

Power < 300 W   

Voltage 12 or 24 V   

Weight in air < 10 kg 12,9 kg 9 kg 

Weight in water neutral  2 kg 

Laser safety class Max 3R   

(1) Operator adjustable through GUI 

(2) 1 000 m version for the future 

(3) Desired range for 3D: 5 m 

2.1 System Two overview 

System Two has been built according to the plan sketched out in D1.2. An uncertainty was related to the 

laser diameter and volume. BRI was able to fit the laser into a 130mm inner diameter tube which was our 

most aggressive goal. With the laser size decided, a detailed design of System Two was done. This design 

is reported in D4.3, an overview is shown in Figure 2. Then all parts described in D4.3 were produced. 

During integration the details around cabling, voltage limiter, thermal fuse, focus motor and laser beam 

shielding was worked out. The dense packing of components gave some EMC challenges mainly affecting 

Ethernet communication. This problems was greatly reduced by shielding and rewiring.        

This update is illustrated in Figure 2.  Figure 3 and Figure 4 shows external and internal view of actual 

system. As one can see the outline from D4.2 is implemented with only minor deviations.  

The housing of System Two has a diameter of 155 mm and a length of 370 mm. The total volume is 7 

litres. The housing is designed to withstand the pressure at 300 meter depth. The housing is tested at 250m 

depth (25 bar). 
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Figure 2: System One as outlined in D4.3 Laser (red) is mounted to the back flange and holds the 

"middle flange".  Camera main body is mounted to the middle flange. Power and control 

electronics is mounted to the blue part. The blue part is the back lid of the camera and is fed 

through a hole in the middle flange. 

  

Figure 3: Photos of System Two. Left ; Complete Utofia system with PC, topside power, cable and 

housing. Right: Detail of rear part of housing. The thermal isolating flange is easy to remove for 

cleaning and inspection.  
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Figure 4: Image of internals with, from left, lens, focus, camera housing, interface electronics (top) 

and laser (below), thermal fuse, back flange with voltage limiter (heater), pump and connector. 

The Arduino computer is under the grey flat cable and is connected directly to the interface circuit 

board.  

Primary improvements are mostly the inclusion of a heat transfer element between camera and back flange. 

The new laser does not have a thick baseplate thermally connected to the back flange. This meant that 

thermistor and voltage limiter had to be mounted on the back flange which has just a little free area. A 

piece of aluminium was used to connect the camera thermally to the back flange to give a more uniform 

inside temperature. On this piece, the thermal switch is mounted.  

The housing for System Two has a diameter of 155 mm and a length of 370 mm (6.98 litres). The total 

volume is a little more due to the connector and pump housing. The weight is around 9 kg. The housing is 

designed to withstand the pressure at 300 meter depth and is tested 25 at bar (250 m). 

2.2 Summary of experience with System Two  

The first thing to notice is that System Two is much more like a product compared to System One. There 

are features included that facilitate operations. There are handles for carrying, eye-bolts for fixation and 

tools for disassembling. The smaller size makes it easy to transport the system. The weight is larger than 

the buoyancy so it will sink. In operation that means that we do not need to put weights on it to make it 

sink. It will be possible to thin and lighten the flanges if neutral buoyancy is important. An alternative 

would be to add external buoyancy foam for weight sensitive platforms (e.g.: mini ROVs).  

The machining of the parts seems to be good and accurate. The camera aligns well with the front flange 

when everything is mounted together. The front and back flange are not rotational fixed to the housing. If 

the back flange is forced to rotate relative to the front flange something inside will break. Under assembly 

one must take care that the lens and laser optic is aligned with the front flange. The laser optic serves at a 

key to fix the rotation but it is not very strong. 

The new beam optics works well. We have better efficiency and better uniformity and larger beam 

divergence than before.  

The denser interior and the new layout of the camera gave ground loops and interference that knocked out 

the communication board. This was unexpected since we did not see sign of it in System One. The cables 

where rerouted, shielded and the communication board was isolated. Moving the communication board 

from the camera housing to directly above the laser gave a penalty. Even the laser is in an aluminium 

housing the Q-switch current gave interference in a critical frequency range/domain, probably through the 

grounding cables. The rerouting of the cables affected the planned feature with PC controlled additional 

heating at start up. The denser layout has also affected the timing jitter of the laser. The timing jitter is 

around 200 ps and is dominated by noise in the trigger circuit rather than fundamental laser properties.  
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With a more powerful laser and a smaller housing heating to operating temperature is much quicker and is 

around 5 minutes. To boost the heating the top side box voltage could be increased. The voltage limiter 

will draw more current such that the voltage drop in the cable will correspond to the voltage added. In 

normal operation, there will be no or little current through the voltage limiter. When laser is idling the 

voltage, limiter will draw current and limit the temperate drop inside the housing.   

The new firmware developed by Odos works very well. Most of the 3D processing is now done in the 

camera. This has boosted the frame rate. When the distance calculation is done in the camera, the data 

amount is greatly reduced. This allows a higher frame rate. The camera will send out an intensity image, a 

depth map and 3D signal information, at more than 10Hz. A new feature is binning of pixels. Binning 

reduces the data amount and increases the signal to noise. The cost is lower resolution. It is possible to 

have more binning in the depth image than in the intensity image. This is a good thing since the depth 

calculation is more sensitive to noise and the distance will vary more slowly than the intensity. Binning is 

a solution if you have to operate at a 100Mb/s Ethernet line.  

The new visualization software gives nice images and stores image data. The new software lets the user 

control the camera to get the most out of the actual imaging situation/condition. The Utofia system is quite 

flexible and can be configured in many ways. The amount of control parameters could be overwhelming 

and difficult to optimise. With more experience, better guidelines and standards can be developed. The 

software is well suited to explore the fundamental limitations of the system. The software has been 

developed in MatLab, C++ and C#. While the real time acquisition loop runs in C++/C#, Matlab is used 

for the main display. In the project, this has provided important benefits towards agility of development, 

but now also means that doing display rates beyond 10 Hz is difficult. This was a trade-off early in the 

project that we have to live with now.  

2.3 Performance summary  

We have tested System Two in two different water qualities. In both situations, we end up with the same 

conclusion. Utofia is able to take useful images up to around 4.5 attenuation lengths. One attenuation length 

is the distance light is attenuated to 1/e (37%). In "1.5 m water", we saw a target at 7 m distance. In water 

gradually improving with depth from 2.5 to 4 m we saw a target at 14 m. In very clear water the signal 

drop given by the inverse of the distance square will be significant. Utofia is able to eliminate backscatter 

and obtain images with good contrast. The limitation is the signal to noise when illumination is attenuated 

by the water.  

The standard deviation of the distance values in the 3D images is estimated to 1-2 cm up to 3 attenuation 

lengths for a white target. A 10% reflectivity target at 3 attenuation lengths will have a distance variation 

of 5-10 cm. At 14 m range, we got a distance variation of 10 cm for a white target.  In summary:  

Å Intensity and 3D images up to 4,5 attenuation lengths 

Å 3D precision 1-2 cm up to 3 attenuation lengths  

We believe this system will open up many possibilities within the marine sciences, especially with regards 

to fish behavior and size estimation.  
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3 System Two components 

3.1 Housing  

This section provides only a brief overview of the housing, with the detailed design being described in 

D4.3. 

For practical reasons, some changes have been done. The windows are 15 mm thick due to delivery 

problems with 20 mm acrylic plate with high optical quality. The pressure resistance of the 15mm thick 

camera window is calculated to 28 bar (280m) by SUB. That was assumed to be OK for System Two.  

The total weight of the housing included eyebolts and brackets is 9,9 kg. The volume is 7 litres. 

 

   
Figure 5: Housing. Left; Housing resting on the floor. Middle; Front of housing. The external vertical 

diffusor  is in the upper part attached with two M6 bolts. Two eye-bolts with zinc anodes on the sides. A 

bracket is mounted under the camera window to be able to rest the housing on the floor. Right; back of the 

hosing with cable, eye-bolt, cooling water outlet (orange) and pump housing with inlet filter.   

Details of the housing is shown in Figure 5. A handle could be mounted on the front flange for carrying 

(Figure 6, middle image). A bracket in the front makes I possible to place the housing on the floor without 

damaging the windows. The easiest way to carry the housing is by a rope in the eye-bolt in the back flange. 

Under operation the housing should be secured by a rope in both front and back flange. The thermal 

insulation on the back flange is easy to remove for service and inspection of the cooling canal. The house 

could be opened according to the instruction given in (Figure 6). When the front flange is removed the 

windows can be pushed out and changed if necessary.    

   
Figure 6: How to open the housing. Behind the bracket in the front there is a draw bead that 

secures the front flange. This is the green plastic filament in the lower part of the left picture. Pull 

this out with a plier . Mount the handle as seen in the middle picture and pull the front fl ange out. 

For the back flange, remove the eye-bolt in the back flange (right picture). Under the bolt is a M8 

thread. Screw in a long M8 bolt and pull the thermal isolation flange out. Under the thermal flange 

is a draw bead as in the front flange. Pull it out, mount the handle bar and pull out the back flange.  
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3.2 Laser  

The System Two laser is shown in Figure 7. The new laser is more compact and delivers more power than 

the System One laser. It has been operating faultless during all the tests. The laser has built in safety 

features that protects the laser. When the power is turned on the laser will operate normally except that the 

q-switch is not triggered before the temperature is in the right interval. So, there is no laser emission before 

the laser is in the correct temperature interval. This interval is several degrees and it is easy to keep the 

laser at the correct temperature for the cooling system. The laser operates at a single supply voltage, the 

built in DC-DC converters operates at an input voltage between 20 and 30 volts. Outside this interval the 

laser is shut off. 

The laser has a mounting flange in the rear. All the inside components are mounted on this flange. This 

flange is mounted on to the back flange. Thermal grease is used to minimize the temperature difference. 

By stabilizing the back flange to 22 °C optimum temperature conditions are obtained inside the laser. The 

laser temperature is given by the diodes used to excite the active atoms inside the laser crystal. For optimum 

excitation the emission wavelength must be temperature tuned to match the absorption wavelength of the 

laser crystal. The operation temperature can be changed by ordering diodes with a different nominal 

wavelength at 25C. The maximum seawater temperature for optimal operation of System Two is 20°C. 

Above that the performance will decrease. The laser will operate with somewhat reduced power up to a 

seawater temperature around 23°C. Above that, a protection circuit will shut down the laser.  

In the front of the laser is a beam expanding lens, mounted on the middle flange. The middle flange is there 

to support the housing and is not part of the laser. Between the rear flange and the middle flange there is a 

two-piece cover, one flat part with connectors and one curved part. System tests showed that it was 

necessary to tape the two parts together with copper tape to reduce electromagnetic interference from the 

laser. System Two is very dense in the rear part and electromagnetic interference (EMI) has been a larger 

issue than expected.    

  

Figure 7: System Two laser, out of the box to the left and mounted to the right. The laser emits 3-

3,5 mJ per pulse up to 1kHz repetition rate. The timing jitter is 200 ps RMS. 
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Figure 8: Jitter measurement. The camera trigger signal is picked out from the laser signal 

connector (blue trace in right picture). The laser pulse is picked up by a high-speed detector (green 

trace in right picture). The RMS timing jitter between the pulses is measured by an oscilloscope 

function to around 200 ps. Just before the laser pulse an interference from the q-switch can be 

picked up. There is less than 50 ps jitter between q-switch and laser. 

 

The laser jitter has been measured in two ways both giving around 200 ps jitter. This is a respectable 

number and we believe it can be even better. The timing jitter between camera trigger pulse and laser pulse 

emission is measured with an oscilloscope as described in Figure 8. The main contribution to the jitter 

seems to be noise in the q-switch trigger circuit inside the laser generated by DC-DC converters inside the 

laser.  As can be seen in Figure 8 the interference picked up on the trigger signal and on the laser shield 

(yellow trace) is easy to see. The frequency content of this signal seems to be in a sensitive domain for the 

Ethernet communication module. Initially the communication module was knocked out as soon as the q-

switch was turned on.  
 

The timing jitter was also estimated from several delay sweeps. A sweep is shown in Figure 9. Comparing 

mean image intensity in the central part of the image, for several consecutive sweeps reveals information 

about laser intensity noise and jitter.  

 
Figure 9: Estimation of laser timing jitter. The blue curve in the left picture shows a delay sweep 

for a flat target. Intensity variation is measured at delay step 14 and 20, shown to the right. At 

delay 14 timing jitter will contribute to timing jitter due to the slope in the camera response. A 

jitter of 200 ps corresponds to the observed increase in intensity noise.  

In Figure 9 we show relative intensity variations for Intensity noise, taken at sweep position 20, where 

timing jitter has little or no effect on measured intensity, and jitter noise, taken at sweep position 14, where 

timing jitter has large effect on measured intensity. We see that the intensity noise is 2.2 %, well within 

specs. Jitter noise and intensity noise combined is 7.1 %, which gives a jitter noise alone of 6.8 %. From 

the sweep, we observe that the intensity increases by 56 % pr delay step (or 33 % pr ns) at delay step 14. 
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The observed jitter noise of 6.8 % can then be explained by a jitter of 200 ps. This is in line with the 

measurements performed with the oscilloscope. In this set-up, the housing is closed. Potential noise from 

test wires and oscilloscope trigger errors are eliminated.   

3.3 Beam optics 

The beam expansion consists of the laser lens, mounted on the laser housing, giving a beam divergence of 

around 6° (FWHM), and two crossed lenticular arrays mounted near the exit window. One lenticular array 

is glued onto the inside of the laser exit window, and one is mounted outside of this window. In 

combination, this gives a nearly top-hat, rectangular beam profile. Several configurations have been 

designed, each corresponding to a desired image format (pixel resolution). The default ill umination profile 

is shown in Figure 10. 

 

Figure 10: Illumination profile with crossed lenticulars LN611. This image is taken with the 

underwater housing submerged in an aquarium looking through a side wall. The external diffusor 

must be submerged to operate as intended. 

With the system submerged in a water tank, looking at a curtain in air, we get the following results. The 

image resolution was measured to 477 pixels / meter at a distance of 260 cm, giving 2.1 mm / pixel. This 

is a horizontal field of view of 52 degrees (full angle) in air using 1216 pixels as width. Using camera data 

with 14 µm pixels and 17.5 mm focal length, the corresponding value is also 52 degrees, which corresponds 

to 38 deg in water. 

Figure 11 and Figure 12 show the observed intensity profile measured both using the camera and by 

moving a power meter across the scene. The x-values are scaled using the results above, the intensity values 

are scaled based on the power meter measurements and the size of the power meter measurement head. 

Both horizontal and vertical fields of illumination have the width expected from Zemax optical simulations, 

however, the profiles are slightly less top-hat than expected. This could be due to imperfect lenticular shape 

or other effects. 
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Figure 11: Horizontal illumination profile. The internal diffuser is an acrylic lenticular array, 

LN611. The blue profile is measured by the camera and the red is measured by a power meter 

scanning the target. The difference is caused primarily by vignetting. 

 

Figure 12: Vertical  illumination profile. The external diffuser is an acrylic lenticular array , LN611. 

The profile is measured by the camera.  

Integrating over the entire image, we reach an estimated power at the scene of 1.5 W at 850 Hz repetition 

rate, corresponding to 1.8 W at 1000 Hz. This is in reasonable agreement with the expected power reaching 

the scene, taking into account the reflection and transmission losses of two lenticulars, housing window, 

water and glass wall, and vignetting from the lens.  

The field of illumination can be increased by using diffusers made of polycarbonate (PC). Polycarbonate 

has a higher index of refraction, 1.59 compared to 1.49 for acrylic (PMMA). The same lenticular profile 

(LN611) will give a wider illumination.  We have made one laser window with PMMA diffusor and one 

with PC diffusor. There are also two versions of the external diffusor, one PMMA and one PC. This is 

shown in Figure 13.  
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Figure 13: Beam optics. Left image: A lenticular array is glued to an acrylic window. The upper 

left part  shows the window with PC diffusor. Under window external diffusors in PMMA and PC 

are shown. Right image shows the window mounting and the mounting holes for the external 

diffusor. 

 

 

 

3.4 Camera  

The System Two camera is mechanically similar to the front of a standard Odos camera and uses the 14µm 

pitch sensor from Odos. All tests are done with this sensor. The new FHG chip could be used in the future 

with minor modifications of the housing. It wil l fit inside the front of an Odos camera but the FHG sensor 

board uses a socket resulting in a longer camera. Since the FHG camera has a smaller chip another lens 

will probably be needed.    

Firmware inside the camera is updated and includes new features that are defined in D5.4. The main 

difference is that the camera will give depth estimates at > 10 Hz rep-rate. There are also numerous other 

features to improve image quality. Like taking background images for automatic background subtraction, 

do pixel binning to increase signal to noise and interleaved sequencer acquisition. 

Extensive functional testing was performed of the added functionality. Here we will summarize the main 

findings. 

3.4.1  Interleaved vs non-interleaved acquisition 

Assuming we would like to acquire images at R ranges and 2 accumulations per range, a non-interleaved 

acquisition would sequence these images as follows: ὍȟὍȟὍȟὍȟȣȟὍȟὍ, while an interleaved 

acquisition would sequence these images as follows: ὍȟὍȟȣȟὍȟὍȟὍȟȣȟὍ.  

In the sweeps that we acquire, the first image of the sweep is most often a "background" image, i.e. an 

image gated far away (>20m) such that a minimal number of photons hit the sensor. We have found that it 

is important to have an as up-to-date background image as possible to reduce the effect of fixed-pattern 

noise when we are operating in low-light situations. Interleaving the sequence provide us with the most 

recent estimate of the background image.  

There is a trade-off with respect to interleaving the sequence when there is a relative motion between the 

camera and objects of interest. A result of interleaving the acquisition is that the total exposure time of a 

single range image is the total acquisition time of the whole sweep. If the sequencer is setup to acquire 

sweeps at 10Hz with interleaving, the exposure time is 100ms. In Figure 14 we show the effects of 

interleaving the acquisition on both the depth map as well as the intensity image. A pallet is hanging from 

the ceiling and moving as a pendulum left to right. At the boundary between the pallet and the background 

there is a large depth boundary (and intensity boundary). The top row show an intensity image and an 




















































































