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Abstract. A laser diode illuminator for single-photon avalanche diode detection-based pulsed
time-of-flight 3D range imaging is presented. The illuminator supports a block-based illumina-
tion scheme and consists of a 16-element custom-designed common anode quantum-well laser
diode bar working in the enhanced gain switching regime and lasing at ~810 nm. The laser
diode elements are separately addressable and driven with gallium nitride drivers, which produce
current pulses with a width of ~2 ns; the current pulse amplitude was estimated from the supply
voltage (90 V) as 5 to 10 A. Cylindrical optics are used to produce a total illumination field-of-
view of 40 x 10 deg? (full width at half maximum) in 16 separately addressable blocks. With a
laser pulsing frequency of 256 kHz and laser pulse energy of ~8.5 nJ, the average optical illu-
mination power of the transmitter is 2.2 mW. © The Authors. Published by SPIE under a Creative
Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part
requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.0E.60.5.054105]
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1 Introduction

3D range imaging has traditionally been used in surveying, civil engineering, inspection, and
quality control,' but there has been a growing interest in exploiting these techniques in a wider
field of applications, e.g., for environment sensing in autonomous cars. Other relevant applica-
tions could be robotics, security, small vehicle guidance, e.g., Unmanned Aerial Vehicles, virtual
reality/augmented reality, consumer electronics (games), and man-machine interfaces, e.g.,
gesture control.>™

One potential alternative for 3D range imaging is the pulsed time-of-flight (TOF) approach
using CMOS single-photon avalanche detector (SPAD) techniques, in which a burst of short,
powerful optical pulses produced with a laser diode transmitter is used to illuminate the field-of-
view (FOV) of the system. The receiver consists of a 2D array of SPADs located approximately
at the focal plane of the receiver optics, as shown in Fig. 1.%7

In this system, some of the transmitted photons will be reflected from the target and hit the
CMOS 2D single-photon receiver array. A photon hitting the active area of any of the single-
photon detectors may then be detected as a result of the high-speed breakdown in the detector.
The timing jitter of a CMOS single-photon detection is of the order of only 50... 100 ps.® The
breakdown immediately introduces a logic-level signal (e.g., 3 V) and thus no analog amplifiers
are needed. In addition to the 2D array of SPAD detectors, the receiver also includes an array of
time-to-digital converters (TDCs), the function of which is to measure the interval between the
emitted laser pulse and the breakdown introduced into each SPAD pixel that has detected a
photon. These intervals represent the transit times (A¢) of the photons from the transmitter
to the target and back to the receiver array. Since every pixel in the array only sees a small
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Fig. 1 Basic functionalities of the SPAD receiver-based solid-state pulsed TOF 3D range imager
concept.

portion of the FOV of the receiver, as defined by its relative position in the array (the receiver
array is approximately at the focal plane of the receiver optics), a 3D range image can be
achieved in a solid-state device implementation. In this 3D range image, the x and y coordinates
are uniquely determined from the location of the pixel in the array, whereas the z coordinate by is
recovered from the measured transit time [z = R = ¢ * (At/2)] of the photon introducing the
breakdown in the corresponding pixel.

One specific practical feature of this measurement technique is that, in the case of a typical
measurement, the probability of a single SPAD element detecting a signal photon is substantially
below one within most of the measurement range. This means that it is necessary to transmit a
number of optical pulses to achieve a valid detection for each pixel, i.e., a high enough signal-to-
noise ratio (SNR). Thus, in the measurement sequence of a 3D image, a bunch of individual laser
pulses (e.g., 1000 pulses) is transmitted to produce a histogram of single-shot results for each
pixel element (x, y) since each individual emitted pulse has only a very low detection probability.
The “noise” in the histogram is predominantly produced by random background hits, and the
“signal” by the signal hits occurring at a time interval corresponding to the transit time of the
photons to the target and back to the receiver.”"?

It is well known that focusing of the available average optical illumination power into
energetic ns or even sub-ns impulse-like laser pulses improves the precision of the system and
its SNR, especially under high background illumination conditions.'®

Many recent developments within this field have focused on the development of high per-
formance, versatile 2D SPAD receivers with on-chip TDCs and signal processing units support-
ing a flood illumination-based flash 3D LIDAR architecture (as in Fig. 1)."*'® Recently,
however, it has been proposed that better system performance, within the limits of the permitted
average illumination power, could be achieved with solid-state block-based illumination.'*!*-%!
This is a strategy, in which only part of the system FOV is illuminated by each emitted laser
pulse, e.g., a narrow block covering 1/16"™ of the total FOV of the system (marked in yellow in
Fig. 2). The receiver would then consist of a SPAD array covering the whole system FOV, but
since only 1/16" of the FOV is being illuminated per emitted laser pulse, only the corresponding
set of receiver SPAD elements (the yellow block in the receiver in Fig. 2, 2 lines of 128 elements
in the receiver array) are activated and connected to the TDC bank. For the next laser pulse
(or bunch of laser pulses), the second sub-FOV (second blue in Fig. 2) is illuminated and the
corresponding SPADs in the receiver array are activated. The operation then continues following
the same algorithm.

Since it is assumed that all the available energy of the transmitter (which is typically limited
by eye safety or laser diode driver capacity) is used to illuminate the selected sub-FOV, block-
based and homogenous forms of illumination are equivalent from the signal point of view. In
other words, in block-based illumination a single SPAD element is illuminated only by 1/16™ of
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Fig. 2 Block-based illumination: concept, transmitter, and receiver.

the total number of laser pulses in a given frame period, as shown in Fig. 2. However, the energy
per active pixel and per laser pulse is 16 times higher (and thus the probability of a photon
detection in a SPAD pixel is 16 times greater). As a result, the number of signal detections
in a given measurement time (defined by the desired frame rate) is exactly the same as it would
be when using flood illumination with the same amount of average optical energy (assuming
operation in single-photon detection regime, which holds for practical measurement cases).

However, from the point of view of noise, the situation is different. Since each SPAD is active
for 1/16"™ of the number of laser pulses used for the total 3D frame cycle, the total amount of
noise detections is also reduced by a factor of 16. This follows from the fact that the noise is
proportional to the ratio of the length of the detection window (which is 16 times shorter than
with flood illumination) to the mean time interval between random detections (caused by detec-
tor dark counts and the background illumination, which typically dominates in outdoor mea-
surements). As a result, the SNR (which is proportional to the ratio of the number of signal
detections to the square root of the noise detections), would then be four times [,/(number
of blocks)]"? better, which means that a lower number of laser pulses would be needed to achieve
the same SNR as with flood illumination. This improved SNR can be used to speed up the
measurements (by a factor related to the number of blocks) or to increase the maximum meas-
urement range.”’19

An important additional advantage is that the number of TDCs needed would be much lower
with block-based illumination than with flood illumination (by a factor of 16 in the above exam-
ple). This is a significant advantage since it markedly lowers the complexity and costs of the
receiver circuit. In addition, the illumination can now be adaptive in the sense that it can be
focused selectively on precisely that part of the total system FOV that contains interesting infor-
mation. Thus, a smaller field of view can be used in vehicle applications, for example, to increase
the SNR within a certain frame update rate for long ranges whereas for a short range the illu-
minated FOV can be increased (trading spatial resolution for FOV).

Thus, it is in general advantageous in SPAD-based pulsed TOF 3D ranging to focus the pulse
energy in terms of time and space. This approach, however, while reducing the complexity of the
receiver, would obviously increase that of the transmitter. In principle, the solid-state transmitter
could be realized using either a two-dimensional vertical-cavity surface-emitting laser (VCSEL)
array with separately addressable unit elements or a multi-element edge-emitting laser diode bar
with multiple parallel emitters. The advantage of addressable VCSEL array techniques is the
relatively simple realization of the optics since the dimensions of the VCSEL array and its ele-
ments can be scaled to correspond to the desired illumination pattern. On the other hand, it is
hard to go to an ns (and especially sub-ns) high-energy pulse regime with VCSELSs, which would
in turn detract from the precision of the measurements. The other obvious realization option
would be the laser diode bar approach, in which cylindrical optics could be used to produce
vertical or horizontal illumination blocks.

This paper presents what we believe as the first published solid-state realization of a block-
based optical illuminator intended for SPAD-based pulsed TOF 3D range imaging. The trans-
mitter consists of a custom-designed common anode laser diode (LD) bar with 16 elements, each
following the “enhanced gain switching” design principle that allows for high energy (~nJ)
sub-ns pulse production with a relatively simple driving scheme.?” The illuminator optics
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produce a FOV of ~40 x 10 deg? and the whole illuminator is realized on a single small-sized
printed circuit board.

The rest of the paper is organized as follows: the design of the laser diode bar will be briefly
described in Sec. 2, Sec. 3 will present the design principles of the laser diode driver electronics
and optics, and results arising from characterization of the designed transmitter will be given in
Sec. 4. The results will be discussed and summarized in Sec. 5.

2 Emitter Design

The laser emitter used here is an LD bar with 16 individual emitting elements. The design of
individual lasers in the bar is tailored for the emission of short, intense pulses under an enhanced
gain-switched operation regime.”>~* More specifically, the relatively short resonator length of
1.5 mm contributes to a relatively short gain-switching pulse duration (of ~70 ps), whereas the
broad stripe width of 150 um helps ensure high overall pulse energy. The laser waveguide (sim-
ilar to that used in Ref. 24) is a broad asymmetric structure ensuring a single transverse mode of
operation with a broad near field. The active layer of each laser consists of five GaAs/AlGaAs
Quantum Wells, each 40 A thick, with a total thickness of the active material of d, ~ 200 A.
The position of the active layer is shifted toward the p-cladding, making for a relatively large
equivalent spot size, d, /T’, > ~3 um. As shown in previous papers,’?~** a high value for d,, /T,
enables the accumulation of a large number of carriers in the active layer before the emission of
the gain-switching pulse, leading to high gain-switching pulse energy (enhanced gain switch-
ing). Such a regime is also characterized over a broad range of current pulse amplitudes by the
optical pulse being emitted near the trailing edge of the current pulse, making for a single optical
pulse, free of any after-pulsing structure. Single optical pulse energies of up to ~1 nJ have been
demonstrated in QW lasers,”* and even higher pulse energies can be obtained if an after-pulsing
structure is acceptable for device operation, as in the current study.

3 Laser Diode Bar Driver Electronics

As already mentioned, it is advantageous in SPAD-based pulsed TOF ranging to focus the avail-
able average power into short, energetic optical pulses. Assuming a slope efficiency of a single
junction laser diode of ~1 W /A, an optical pulse energy of ~5 nJ, and a pulse duration length of
~1 ns would require a drive current pulse of ~5 A/1 ns for the laser diode, assuming that the
optical output follows the current adiabatically. In principle, the laser diode could be driven with
a high-speed nMOS switch. The realization of drive electronics permitting the above parameters
or ones that are even more demanding is not a straightforward matter, however. Since the
slew-rate of the current rise is limited by the loop inductance, it is important to minimize this.
Assuming, for example, a loop inductance of just 5 nH, the slew-rate of a current with a supply
voltage of 50 V would be 10 A/ns. The effect of the inductance can be suppressed by a series
resistance (since 7 = L/R), but this obviously would limit the maximum current (or require a
higher supply voltage) as well.

Another issue is the voltage transient induced at the drain of the nMOS switch at the trailing
edge of the current pulse (switch-off situation) due to the accumulated loop inductance energy.
This may damage the switch and should thus be minimized.

In this design, the laser diode bar was realized as a custom common anode structure since this
allows each of the laser diode elements to be separately driven with a high-speed gallium nitride
(GaN) FET transistor with the driver electronics simplified considerably (see Fig. 3 for a schematic
diagram of the laser transmitter electronics). The pulsing sequence is produced with an FPGA
triggered at 256 kHz. This FPGA triggers the GaN drivers sequentially, providing pulses of
5 ns to the gates of the GaN switches so that the pulsing rate of each of the laser diodes is 16 kHz.

In the driver configuration used here, the current pulse length is defined by the LC transient
of the laser diode loop (AT ~2y/Ljo,,Cy). This transient is damped by the resistor Rp
(~V/(Lioop/C)), and thus the maximum current amplitude is roughly Vgy/((v/(Lioop/
C1) + Rp). 2
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Fig. 3 Schematic diagram of the 16-element laser diode bar transmitter electronics.
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Fig. 4 Printed circuit board realization of the 16-element laser diode bar transmitter.

In the PCB realization of the 16-element laser diode bar transmitter shown in Fig. 4, the
discharging capacitor C; has a capacitance value of 100 pF, the loop inductance (not shown
in the schematics) is estimated to be 5 to 8 nH (depending on the position of the LD in the
bar) and the damping resistor R, is set to 5 €. Thus, a peak amplitude of ~6...7 A and pulse
width of ~2 ns [full width at half maximum (FWHM)] can be expected for a laser diode drive
current pulse with a supply voltage Vy of 90 V.

It should be noted that since the laser diodes are working in the enhanced gain switching
mode, the optical output consists of a short high-power main pulse (~100 ps FWHM, an order of
magnitude shorter than the current pulse duration), followed by an afterpulsing tail structure at a
much lower power level (more detail in Sec. 4). Thus, the use of the enhanced gain switching
technique significantly relaxes the requirements put on the driver electronics regarding the dura-
tion of the generated current pulse.

The pitch of the laser diode bar is 300 ym (150-um active stripe width, 150-um separation).
Cylindrical optics are used to convert the output of the laser diode bar into an illumination cone
with a total FOV of 40 x 10 deg?> (FWHM). When focused at infinity, 16 illumination stripes
(or blocks) with a separation corresponding to the width of a single line are produced, and the
illumination pattern can be made more homogenous by slightly misfocusing the transmitter. This
is demonstrated in Fig. 5, which shows simulated illumination patterns produced by the optics
designed here from an LD bar with the above parameters. These patterns are simulated at a
distance of 10 m, the scales on the x and y axes being in millimeters. The homogenizing effect
of the misfocus is clearly seen [Fig. 5(b)].
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Fig.5 (a) Simulated illumination patterns for focused and (b) misfocused 16-element transmitters.

4 Characterization of the Block-Based llluminator

The optical output from the laser diode bar was characterized with a bandwidth of ~25 GHz
(eqv. rise time ~14 ps, New Focus, high-speed optical probe 1434, and Tektronix mixed-signal
oscilloscope 73304DX). Typical results are shown in Fig. 6. Green and red curves show the
measured average pulse shapes for the individual laser diode elements with the maximum
(~9.8 nJ) and minimum energy (~6.8 nJ) total pulse energy among the lasers in the bar, respec-
tively. The black curve shows the average pulse shape for all 16 laser diode elements. The gain
switching peak in the leading part of the pulse has an average FWHM width of ~70 ps (as
measured from the recorded laser diode outputs shown in Fig. 6) and pulse energy of 1.5 to
3 nJ, which is considerably higher than what is available with standard gain switching
techniques.?’-?® The lasers have been designed to give the center wavelength of the laser radiation
of ~810 nm.

A photograph of the measured illumination pattern in a focused measurement situation at a
target distance of ~1 m is shown in Fig. 7. It is worth noting that although all the lines seem to be
illuminated (due to the long exposure time), in reality only one of the laser diode elements is
being driven at any given time.

The measured detection probability of the pixels under a single illuminated line (LD element
8) is shown in Fig. 8. This measurement was carried out at a distance of ~10.5 m from the target,
a painted wall with an estimated reflection coefficient of ~1 (equivalent to white paper). The
result was recorded with the SPAD receiver described in more detail in Ref. 19. This receiver
consists of a single CMOS chip of 32 x 128 SPAD pixels and 2 X 128 TDC elements that can be
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Fig. 6 Time-domain optical responses of two LD bar elements (green and red) and the averaged
optical output of all 16 laser diode elements (black).
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Fig. 7 Photograph of the illumination pattern at a distance of ~1 m.
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Fig. 8 Detection probabilities of 128 SPAD pixels along a single SPAD receiver line. The com-
bined width of the 128 SPAD pixels corresponds to a FOV of 40 deg.

electrically connected to any two lines within the SPAD arrays. The image of the transmitted
beam (focused at infinity) was focused onto the array of 32 x 128 SPAD detectors using receiver
optics with a focal length of 6.67 mm and an aperture of 5.6 mm. The detection probability is
proportional to the intensity of the received optical energy in a horizontal direction. The total
pulse energy was included in the calculation of the detection probability by summing all the hits
within the envelope of the detection histogram (full width = ~3 ns) for each pixel.

As can be seen, the intensity of the received optical field declines at the edges of the FOV of
the system (FWHM ~ 25 deg), this effect being stronger than could be expected from the varia-
tion in the intensities of the transmitter illumination patterns (Fig. 5). The additional reduction is
attributed to the cosine effect of the receiver optics. It is evident that the detection probability for
all the pixels is <1.

The detection probability for the whole receiver is also shown in color-coded form in Fig. 9,
indicating that in the focused situation the detection rate in the SPAD lines next to the one having
the highest intensity is markedly lower. This can be expected since the transmitter-receiver
optics were designed to project an image of the 150-um wide laser stripe onto the top of the
40-pum wide SPAD line. Thus, the detection probability in every second line of the 32 X 128
SPAD array would be lower, but, as indicated above, the difference could be smoothed out
by slightly misfocusing the transmitter.
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Fig. 9 Detection probability in the 32 x 128 SPAD receiver array under focused measurement
conditions. A single element within the 16-element laser diode bar was used to illuminate a target
located at 10.5 m.
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Fig. 10 Time histograms of detections from a target located at 10.5 m in single SPAD detectors.
25,600 laser shots were used to assemble the histogram. The time positions of the histograms are
arbitrary for the sake of clarity. TDC LSB ~80 ps.

As mentioned above, the CMOS receiver includes also a bank of TDCs, which can measure
the time position of a SPAD detection in relation to the emitted laser pulse at a resolution of
78 ps. Some sample raw histograms of hits from a target (white wall) at a distance of 10.5 m
received by three detectors located in row 15 (max. illumination) and columns 32, 64, and 96,
respectively, are shown in Fig. 10. A total of 25,600 laser pulses were used to assemble these
histograms.

It is seen that the widths of the gain switching peaks of the histograms are considerably wider
than in the optical pulses shown in Fig. 6 (~70 ps), measuring ~250. .. 350 ps depending on the
position of the recording SPAD in the array. Another notable feature is the reduction in the ratio
of the level of the gain-switching peak to that of the tail part of the distribution toward the edge of
the FOV. These effects are caused by the transit time spread of photons within the pixel, which is
larger at the edge of the FOV, and partly by the system jitter. The dependence of the laser pulse
shape on the far-field angle direction may also have some effect on this change.

The average detection probability within the 40 deg system FOV is ~0.15, which agrees very
well to radiometric calculations using the 8.5 nJ total pulse energy for this particular laser diode
element. If, for example, a laser pulsing rate of 256 kHz were to be used, the above result
suggests that for such a set-up a measurement range of >30 m could be achieved under low
background illumination conditions (1 klux) at a frame rate of 10 frames/s. In this case, the
average optical illumination power of the transmitter would be 2.2 mW. Under more demanding
background conditions, the SNR, and thus the maximum range, would obviously be lower and
design strategies would be needed to counteract the blocking effect of background detections.” !

Figure 11 shows a 3D range point cloud image created based on the above results, i.e., with
25,600 measurements performed for each pixel while only one of the LD elements was active in
the 16-element laser diode bar, the target being a flat white wall located at a distance of 10.5 m
from the 3D imagers. Histograms of the hits were gathered for each pixel, and cross-correlation
with a filter is used to translate the histograms into distances. The concerned filter was a nor-
malized version of a histogram of hits collected by the middle SPAD measuring the location of a
target placed at a specific distance from the camera. It can be seen that although only one laser
diode element in the 16-element bar was used in this experiment, a reliable 3D range image could
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Fig. 11 3D point cloud image of a flat white wall located at 10.5 m, created using the illumination
from one LD.

be produced using several other receiver array lines with 128 SPAD pixels (5. .. 6 lines). Some
results could also be achieved outside this area.

5 Discussion and Summary

The key result of this work is a practical demonstration of a solid-state (i.e., fully electronic)
block-based illuminator realized relatively straightforwardly and in miniature size with a
common anode laser diode bar and cylindrical optics. The common anode structure enables the
use of n-type enhancement GaN field-effect transistors to drive the laser diode elements with
pulse currents in a ~10 A/ ~ 1 ns regime, which is important for optimizing the SNR of a
SPAD-based pulsed TOF laser range 3D imager. With a specially designed laser diode working
in the enhanced gain-switching mode, the optical pulse can be suppressed even to sub-ns dura-
tion, which could be beneficial when aiming at mm-range precision. To increase the measure-
ment range, especially under difficult background conditions, the pulse energy (and pulsing rate)
should obviously be increased from the values used here. It should be noted also that the design
principles shown here can equally well be applied to laser diodes working in the standard pulse
regime while allowing for the higher pulse energy, albeit at the cost of a longer pulse and hence
more coarse resolution.

The proposed approach allows, in principle, two operation modes with regard to illumi-
nation. In one mode, the active stripes of the separate elements in the laser diode bar are
focused to fit onto a single SPAD detector line in the 2D detector array (as in the above mea-
surements, e.g., in Fig. 11). Using this mode, it is actually the transmitter that would determine
the spatial resolution in the direction of the illumination line (the number of laser diode ele-
ments), especially at the maximum range, whereas the spatial direction in the perpendicular
direction would be defined by the number of SPAD pixels in each line. The advantage of this
approach is the high degree of spatial focusing, which is known to maximize the SNR in the
measurements, especially under conditions of high background illumination. It is also noted
that the full resolution of the 2D receiver array can be used for shorter distances due to the
transmitted energy, which falls in between the stripes even under focused measurement
conditions.

In the other mode, the illumination within the system FOV is homogenized by slightly mis-
focusing the transmitter. This arrangement means that the spatial resolution of the measurement
would be defined by the pixel count in the 2D SPAD array within the whole range of the imager.
Thus, the spatial resolution can be higher but at the cost of a lower SNR. In both cases, however,
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block-based illumination can be used to improve system performance than with flood illumi-
nation when using the same average optical illumination power.
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