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Abstract—Full realization of a solid-state 3-D range imager
based on the pulsed time-of-flight method is presented. The sys-
tem uses block-based segmented illumination in the transmitter
realized with a 16-element common anode laser diode bar. The
receiver is based on a single chip 2-D SPAD/TDC 0.35 µm CMOS
array with 32 × 128 SPAD pixels and 257 TDCs. Segmentation
of the illumination improves the SNBGR in the detection and
results in simpler receiver realization than in the commonly used
flood-illumination approach. The system is capable of producing
cm-accurate 3-D range images within a FOV of 40° × 10° up
to a range of 15 m in normal office lighting at a frame rate of
∼30 fps using a low average illumination power of only 2.6 mW.
In background illumination of ∼20 klux, 3-D range images were
captured at a distance of ∼13 m using the gated SPAD approach
at a frame rate of ∼1 fps.

Index Terms—Laser radar, lidar, range imaging, single photon
detection.

I. INTRODUCTION

THREE-dimensional range imaging techniques have found
applications in surveying, civil engineering (e.g., construc-

tion site mapping), inspection and quality control, for example,
and recently also in autonomous vehicles [1], [2]. These appli-
cations are dominated by lidar systems that use mechanically
steered light to obtain the 3-D range image, with drawbacks
arising from relatively high costs and mechanical fragility [3],
[4]. It is generally recognized that 3-D range imaging could
well be used in many other applications such as robotics, small
vehicle guidance, (e.g., unmanned aerial vehicles, UAVs), vir-
tual/augmented reality (VR/AR), consumer electronics (games)
and machine control (e.g., construction and forestry machines)
[5]. Solid-state 3-D range imager realizations, i.e., systems with-
out any mechanically moving parts, are appealing techniques for
these potential new applications since they would pave the way
for low costs and miniature size realization.

One successful approach to solid-state 3-D range imaging
(e.g., in gesture control and games) uses a continuous wave (CW)
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modulated laser beam and deduces the distance information
from the phase difference between the emitted and received
signal with a CMOS active pixel sensor [6]–[8]. This technology
gives a high image pixel resolution, but at the cost of a limited
measurement range (typically only a few meters) and a relatively
high average optical illumination power (up to hundreds of mil-
liwatts) [8]. By using several simultaneous modulation frequen-
cies it is possible to achieve longer unambiguous measurement
range without compromising the precision, but the high optical
average illumination power needed remains still as an issue [9].
Optical phased arrays are interesting candidates for 3-D range
imaging, but these techniques are still in an early development
phase [10], [11].

Another potential solid-state technique for 3-D range imaging
uses a 2-D CMOS single photon detector (SPAD) array to
measure directly the round-trip transit times of the photons
from the transmitter to the target and back to the receiver
[12], [13]. Typical realizations following this approach use the
pulsed time-of-flight (TOF) principle in which the laser diode
transmitter sends pulses of length 1 …10 ns to the target in the
flood illumination configuration, i.e., the whole system field of
view (FOV) is illuminated for each transmitted pulse [14]–[19].
A 2-D CMOS SPAD array is then positioned at the focal plane
of the receiver optics. Thus, this approach resembles the focal
plane array (FPA) techniques well known from CMOS image
sensors. The advantages of the SPAD approach are the high
sensitivity and low timing jitter inherent in single photon de-
tection techniques. The typical sensitivity and jitter of a CMOS
SPAD at NIR wavelength region are ∼1 …5% and <100 ps,
respectively [20]–[22]. Since the avalanche breakdown of a
SPAD element can easily produce a signal in the volt range,
no analogue amplifiers are needed which markedly simplifies
the receiver and also eliminates the electrical cross-talk. SPADs
can be realized in standard CMOS, and thus other electronics
such as the time-to-digital converters that record the photon
flight time intervals can also be located on the same die, which
is an important advantage from the system integration point
of view.

The focus of research in the latter field has up to now been
mostly on the design of versatile receivers realizing a high
density 2-D CMOS SPAD array and the related signal processing
electronics. Most of the designs assume a flood illumination
strategy, and the basic on-chip functionalities typically include

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-1004-8951
https://orcid.org/0000-0002-3480-3085
https://orcid.org/0000-0002-7271-0189
https://orcid.org/0000-0002-8266-4374
https://orcid.org/0000-0002-4256-6702
mailto:juha.kostamovaara@oulu.fi
mailto:sahba.jahromi@oulu.fi
mailto:sahba.jahromi@oulu.fi
mailto:lauri.hallman@oulu.fi
mailto:guoyong.duan@oulu.fi
mailto:jussi.jansson@oulu.fi
mailto:jussi.jansson@oulu.fi
mailto:pekka.keranen@noptel.fi


6817911 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 2, APRIL 2022

a 2-D array of SPADs (e.g., 128× 128 elements), time-to-digital
converters (TDC) and some histogram processing to relieve the
I/O data rate load [18]. To improve the SPAD performance
(e.g., fill factor, photon detection probability) separate chips
may also be used for the SPAD array and the other electronics
[15]. Radiometric analysis and practical demonstrations show
however, that at longer distances (>5 …10 m) and with the
laser pulse energies readily available from semiconductor laser
diodes (∼10 nJ), the per pixel photon detection probability in
this kind of a measurement system, especially at the limit of the
measurement range, is rather low, e.g., around 1% or even lower
[16], [23]. Thus, most of the detectors are idle as far as signal
detection is concerned.

Another illumination strategy tries to overcome this issue and
achieve a more efficient use of the available average illumination
power by illuminating the system FOV in blocks. In this strategy,
the FOV is segmented into to 16 blocks, for example, and each
of these is illuminated by a certain number of successive laser
pulses (e.g., 5000) so that the required signal-to-noise ratio
(SNR) for a successful detection of the target pixels within
the illuminated segment is achieved. As described in greater
details in Section II, this approach enables one to achieve a
higher ratio between the number of signal photons detected
and the background photons in a given time frame and with
a given average illumination power (with certain assumptions
concerning the measurement situation) than what is available
with flood illumination [24], [25]. The practical realization of
the illuminator can consist of a number of laser diode emitters
which are located so that each one produces the illumination for
a particular segment in the system FOV [26]. Thus, this system,
which resembles mechanical scanning of the laser beam over the
system FOV, can be realized in full solid state, which is an impor-
tant advantage. Also, the synchronization issue known to exist
when using a mechanical scanner and a SPAD-based receiver
is not experienced here due to the unambiguous knowledge of
which of the laser emitters is being driven at any particular
time [27]. Interestingly, a similar illumination concept realized
with an on-chip thermo-optic switching tree and a focal plane
grating-based transmit array was recently applied to FMCW
lidar based 3-D ranging with promising results [28].

We present here a full realization of a pulsed time-of-flight
3-D range imager which is based on segmented block-based
illumination transmitter realized in solid-state and CMOS 2-D
SPAD/TDC receiver techniques. The design principles are pre-
sented in Section II. Section III describes the realizations of
the transmitter and receiver, measurements demonstrating the
performance of the resulting 3-D range imager are given in
Section IV, and finally, the results are discussed and compared
with those of other relevant studies in Section V.

II. MEASUREMENT CONCEPT AND DESIGN CONSIDERATIONS

The concept behind the 3-D range imager developed here is
shown in Fig. 1. The transmitter consists of a custom-designed
common anode laser diode bar with 16 separately addressable
laser diode elements. This laser diode bar is located at the focal
plane of the transmitter optics with the result that when one of

Fig. 1. Block-based illumination: concept, transmitter PCB and CMOS
receiver IC.

the laser diode elements is being driven, only the corresponding
segment within the field of view of the system is illuminated. On
the receiver side, a custom-designed CMOS SPAD IC receiver
with 32 × 128 SPAD elements is located at the focal plane of
the receiver optics. Each of the SPAD elements in the array
sees photons from a certain direction only and by measuring the
transit time of these photons the 3-D range coordinates (x, y, z)
of the corresponding target point can be determined. The x and y
coordinates are determined by the position of the SPAD element
under consideration and the z coordinate can be calculated from
the measured transit time. In addition to the SPAD array, the
receiver IC also contains 2 × 128 time-to-digital converters
which can be electrically connected to any two 128-element
SPAD lines within the receiver array (corresponding to the
segment under illumination). Thus, the total number of TDCs
needed in this realization is determined by the number of SPAD
elements within a single illumination block (i.e., 2 × 128 in
this case), and not by the total number of SPAD elements in
the receiver (32 × 128 in this particular design) as would be
needed in a flood illumination-based system. This is an important
advantage since the design of accurate TDCs typically requires
a considerable circuit area.

The signal-to-noise ratio in a typical worst case measurement
scenario will be discussed next. It is assumed that for a single
emitted laser pulse the probability of photon detection is <<1
(the probability that a particular SPAD is triggered by a signal
photon), which is the case in a typical measurement situation
especially at the maximum end of the measurement range [23],
[25]. It will be seen in the experimental section that for this
particular design the signal photon detection probability at the
limit of the measurement range is ∼0.05, which would justify
the above assumption even if a markedly higher pulse energy
were used. This allows one to deduce that for a valid signal
detection a bunch of laser pulses (e.g., 5000) would need to be
sent, and that the echo pulse detection probability would then
improve proportionally to the number of laser pulses emitted.

Any noise in the measurement, especially in the potential
outdoor applications suggested above, would typically come
from random detections induced by the background radiation,
i.e., from the sun. The intensity of the background radiation can
be usefully characterized by the mean time interval between
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the random detections in a SPAD, τBG, a parameter which
depends on the intensity of the background radiation and on
certain system-level parameters that will be described in more
details below. The value of τBG is typically from a few ns up
to hundreds of nanoseconds, which is markedly shorter than
the typical random detection rate due to SPAD internal random
thermal noise (dark counts), and thus the dark counts of the
detector can be disregarded.

In a typical measurement sequence a bunch of laser pulses
is sent into the illuminated segment and the corresponding time
histograms of detections per SPAD corresponding to the illumi-
nated segment are collected. The illumination is then switched
to the next segment by driving the next laser diode in the bar, and
this procedure is then repeated for all the laser diode elements.
As an example, if 5000 laser pulses were sent per segment, and
the system FOV were divided into 16 segments, the frame rate
with a laser driver pulsing rate of 250 kHz would be ∼3 fps. The
per-pixel histogram would then consist of random detections
due to the background noise, together with the signal hits at the
time position corresponding to the transit time of the pulse to
the target and back to the receiver. Matched filtering is typically
used to maximize the signal-to-noise ratio during detection.

In order to be able to detect the signal echo reliably from
among the background hits, the SNR should be high enough.
In the following analysis, the signal-to-background noise ratio
(SNBGR) will be calculated (instead of SNR) since it clearly
shows the effect of the shortening of the laser pulse (while
maintaining the total pulse energy at same level) on the signal
detection performance, especially on the false alarm rate. For a
precise analysis of the false alarm rate and detection probabili-
ties, complete photon statistics and multiple pulse probabilities
should be used, see for example [29]–[31].

A rough estimate of the SNBGR can be given as the ratio
between the average number of signal detections and the square
root of the number of random noise detections during the laser
pulse envelope, see (1). For simplicity, homogenous illumination
is assumed, and the cosine effects of the optics are neglected. The
number of signal photon detections can be evaluated using the
well-known inverse-of-distance-squared dependent radar equa-
tion and system parameters. If we assume that the hit histogram
is filtered with a simple integrator with an integration time cor-
responding to the width of the laser pulse (Δtpulse, FWHM), the
probability of detecting a noise count within the pulse envelope
will be roughlyΔtpulse/τBG. In (1), Eopt is the energy of the laser
pulse, ε the efficiency of the optics, ρ the reflection coefficient
of the target, Arec the aperture area of the receiver optics, r
the distance to the target, Eph the photon energy, PDP and FF
are the detection efficiency and fill factor of the SPAD pixel,
respectively, x and y are the total number of SPAD elements
in two orthogonal directions over the receiver surface, M is the
number of illumination blocks, fLD is the pulsing frequency
of the laser transmitter, Pav is the average illumination power
and fframe is the desired 3-D range image frame rate. Thus,
fLD/(M ∗ fframe) is the number of laser pulses emitted for any
of the target points to achieve a valid image result, and the
total number of signal and background detections is proportional
to this.

Since the SPADs in the receiver IC can be triggered only
once per emitted laser pulse, the detection of a signal or back-
ground photon (within the pulse envelope) is possible only if
no background photon is detected during the photon flight time
Δtflight. The probability of this follows an exponential distribu-
tion (assuming Poisson statistics) and is e−(Δtflight/τBG). This term
produces a serious attenuation in the signal (and background)
counts and may even block the receiver if the photon flight
time is longer than the mean time interval between background
radiation induced detections. This attenuation can be relieved,
however, if the SPADs are activated only after the emission of
the laser pulse, e.g., with a time delay that corresponds to a
minimum target distance of rgate. This would shorten the active
time window of the SPADs correspondingly (term r-rgate in
(1)) and thus also improve the overall performance, as will be
demonstrated in Section IV.

SNBGR (r) =
Nsignal_hits (r)√

NBG_hits

≈
e
− 2·(r−rgate)

τBG · clight ·
(
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π · r2 ·Eph
· PDP· FF

( x· y
M )

· 1
M · fLD

fframe

)
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e
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τBG · clight · 1
M · fLD

fframe
· Δtpulse

τBG

=

√
e
− 2·(r−rgate)

τBG · clight ·

(
Eopt · ε· ρ · Arec

π · r2 · Eph
· PDP ·FF

( x ·y
M )

· 1
M · fLD

fframe

)
√

1
M · fLD

fframe
· Δtpulse

τBG

∝ Pav√
fLD ·√Δtpulse

·
√
M√

fframe
(1)

Equation (1) allows one to evaluate the performance of the 3-D
range imager once the system parameters are known. Of course,
one needs also to ensure that the total number of detected signal
photons is high enough for the required system performance. The
added advantage of (1) is that it also gives a clearly visible insight
into the optimization the system. It can be seen, for example, that
the SNBGR can be improved if the pulse energy is compressed
into short pulses, which in addition would improve the precision
of the measurement. Also, assuming a certain available average
illumination power, it would be useful to concentrate this into
high energy pulses emitted at a lower rate rather than using a
higher pulsing rate with a lower pulse energy. The higher the
signal photon detection probability is, the lower the number of
laser pulses needed for valid signal detection, whereupon the
number of random noise detections will also be lower.

It is also evident that the use of segmentation will improve
the performance. The reason for this is that for the same average
illumination power, segmentation will give an M times higher
irradiance on the target segment and thus also an M times higher
photon detection probability in the receiver. This will result in
an improved SNBGR since the number of noise counts will
be reduced by M (M times less laser pulses are needed). The
improved SNBGR can be used to increase the measurement
range or maximum range.
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The use of segmentation would also reduce the number of
TDCs needed in the receiver relative to a flood illumination-
based system (by a factor of 16 in the above example), which
would markedly reduce the receiver complexity. Due to the
electric control maintained over the segments, the illumination
can be adaptive in the sense that the illumination sequence
can be selected freely depending on the needs of the appli-
cation and also changed during operation (e.g., the system
FOV can be traded off against faster measurement or a longer
range).

Another interesting design consideration can be discovered by
looking in more detail at how the mean time interval between
background illumination -induced detections, τBG, depends on
the level of background radiation and the target and system
parameters. The time interval τBG can be calculated based on the
background illumination power PB as seen from the active area
of the SPAD element, the photon energy Eph (e.g., 2.5·10−19 J
at ∼810 nm), and the probability of a photon detection, PDP, in
the SPAD (∼4% at 810 nm in CMOS) as given in (2)–(4).

τBG =
1

PDP

(
Eph

PB

)
(2)

FOVSPAD =
ΦSPAD

frec
(3)

PB ≈ IS ·Arec · ρ ·
(

FOVSPAD · √FF
2

)2

· BWopt (4)

In (2)–(4), IS is the spectral irradiance of the back-
ground radiation on the target surface at ∼810 nm (maximum
∼700 mW/(m2∗nm), corresponding to ∼100 klux), Arec is the
area of the receiver aperture, ΦSPAD the diameter of the SPAD
element, frec the effective focal length of the receiver optics, ρ
(e.g., 0.5/π sr−1) the reflection coefficient of the Lambertian
target, BWopt the optical bandwidth of the receiver (e.g., 50 nm)
and FF the fill factor of the SPAD detector element. FOVSPAD is
the linear field of view of a single SPAD element given in radians.
As can be seen, PB does not depend on distance, but is strongly
dependent on the FOV of the SPAD. To reduce the background
power, narrow optical filtering is preferred, but the passband
of the spectral filter must be wide enough to accommodate
wavelength shifts caused by variations in temperature and the
angle of incidence of the optical rays.

Interestingly, we now see from (1) that in this kind of system
(one detection per laser shot), there is an optimum size for
the receiver aperture [29], [30], [24]. While an increase in the
receiver aperture would in principle improve the SNBGR (pro-
portional to �Arec), the exponential attenuation effect would
increase as well, due to the inverse dependence of the τBG on
the aperture size. At large aperture size the latter effect will
dominate and thus there is typically an optimum aperture size to
be found under high background illumination conditions which
will maximize the measurement range. Optimization can also be
achieved, of course, by means of a variable optical attenuator in
front of the receiver, or by changing the PDP of the SPAD, for
example.

Fig. 2. Optical output power and corresponding drive current pulse shapes for
a single laser diode element in the 16-element common anode laser diode bar,
gate pulse width ∼1 ns.

III. SYSTEM DESIGN

A. Block-Based Illuminator

The emitter of the transmitter is a custom designed laser diode
(LD) bar with 16 individual emitting elements. The laser diodes
have a common anode contact and separate cathode contacts
allowing n-type driver transistors and thereby simplifying the
transmitter design. The pitch of the laser diode bar is 300 µm. The
individual elements have an active layer stripe width and cavity
length of 150 µm and 1.5 mm, respectively. The wavelength of
the laser radiation is ∼810 nm. The active layer of each laser
consists of five GaAs/AlGaAs quantum wells each 40 Å thick,
and thus the total thickness of the active material is da ∼200 Å.
The active layer is positioned towards the p-cladding so that the
equivalent spot size da/Г (where Γ is the optical confinement
factor), is relatively large (>∼3 µm). As shown in our earlier
work, a high value for the equivalent spot size will enable 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 switching) [32],
[33]. This kind of design allows for the generation of sub-ns
optical pulses of relatively high energy (nJ regime) even when
driven with markedly longer current pulses (ns range) [34]. As
an example of this, Fig. 2 shows the optical output of one laser
diode element in the bar when driven with current pulses of
different amplitudes and a length of ∼1 ns (FWHM) at 1 kHz.
As can be seen, the maximum drive current of ∼13 A results
in a single isolated optical pulse with a length of ∼100 ps and
peak power of ∼35 W. Thus, the pulse energy is ∼3 nJ which is
considerably more than that achieved from gain-switched laser
diodes with a conventional structure [35], [36]. It is also seen that
as a result of the design, the threshold current of such a structure
is relatively high, i.e., ∼10 A in this case. For this reason, there
is no optical output for the laser with the lowest drive current
pulse (peak current <10 A).

Fig. 3 shows a schematic diagram of the laser transmitter
electronics. An FPGA controller triggers the GaN drivers se-
quentially with a pulsing rate of 256 kHz, providing pulses of
adjustable widths to the gates of the GaN switches, so that the
pulsing rate of each of the laser diodes is 16 kHz (256 kHz/16).
Of course, other type of pulse sequences can also be realized
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Fig. 3. Schematic diagram of the 16-element laser diode bar driver electronics
and details of the printed circuit board realization of the 16-element block-based
illuminator.

Fig. 4. Optical output power and corresponding drive current pulse shapes for
a single laser diode element in the 16-element common anode laser diode bar,
gate pulse width ∼3.5 ns.

easily, just by changing the code of the FPGA. The PCB re-
alization of the driver part of the transmitter is also shown in
Fig. 3. The total anode capacitance is estimated to be ∼700 pF
(including the anode stray capacitance in the laser diode bar),
and the series resistor RD was varied between 2.5 Ω (the result
of Fig. 2) and 5 Ω (the result of Fig. 4).

In the system test the laser diodes were driven with longer
∼3.5 ns current pulses to increase the energy of the resulting
optical pulses. Fig. 4 shows the resulting driver current and
optical pulses within the HV supply range of 50 to 90 V for
a single laser diode element in the bar. The optical pulses now
show a tail of length ∼2 ns, which increases the total maximum
pulse energy to ∼10 nJ. The total power consumption of the
transmitter with a driver pulsing rate of 256 kHz is ∼1 W. It
should also be noted that for ns-range optical pulses a conven-
tional double heterostructure laser diode structure (optimizing
optical confinement) can well be used in the transmitter.

Cylindrical optics are used to shape the optical radiation of
the laser diode bar into a system illumination cone of 40° × 10°
(FWHM). When focused to infinity, 16 illumination segments
with a separation corresponding to the height of the segment are
formed (see Fig. 5 for the measured time-averaged illumination
pattern). As explained above, in reality only one of the 16
segments is illuminated at a time. The illumination pattern can

Fig. 5. Photograph of the time-averaged illumination pattern of the transmitter
measured at a distance of ∼1 m.

Fig. 6. Micro-photograph of the receiver IC showing the 32× 128 SPAD array,
the 257 element TDC array and the switches controlling the active receiver block
with 2 × 128 SPAD and 256 TDC elements.

be made to be more homogenous by slightly misfocusing the
transmitter [26].

B. Receiver

The custom-designed receiver is a 6.6 mm × 5.5 mm inte-
grated circuit (IC) consisting of a 128 × 32 SPAD array and
a 257-channel TDC array, realized in 0.35 μm HV CMOS
technology. A micrograph of the IC is shown in Fig. 6. The
light-sensitive part of the IC, which has a fill-factor of ∼35%, is
highlighted. The inset in Fig. 6 shows a zoomed version of the
SPAD array with each SPAD having a 40 μm × 40 μm pitch
(active area of 26 μm × 21 μm) and a deep-nwell cathode/p+
anode junctions (a shared cathode structure).

A block diagram of the receiver as part of the 3-D imager
system is shown in Fig. 7. The SPAD array can be regarded as 16
blocks, each consisting of two adjacent rows (2 × 128 SPADs),
and any of these blocks can be connected to the 256 TDC bank
in each measurement through tri-state buffers. The 257th TDC
is always reserved for measuring the start transmission of the
laser pulse. The TDCs can measure with a resolution of ∼78 ps.

The operation time of the SPADs can be limited during each
measurement (gated mode) to suppress dark and background
light-induced detections from blocking the SPADs before the
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Fig. 7. Block diagram of the receiver IC as part of the 3-D imager.

Fig. 8. Timing diagram of receiver operation during the imaging of one block.

arrival of the laser pulse photons. The width and delay of the
gate windows can be adjusted between 5 ns and 635 ns (with
5 ns resolution) depending on the measurement conditions.

Matching scans of the LD array and the SPAD array can
be performed in 16 cycles for the 16 blocks (in a block-based
illumination scheme) to cover the whole field of view. A timing
diagram of receiver’s operation during one cycle for one block
is shown in Fig. 8. At the beginning of each cycle, the IC is
configured for the measurement (i.e., a block is chosen for the
measurement and the gate window is set), then the time of the
start signal and SPAD detections are measured by the respective
TDCs, and finally the measured data are read out from the IC.
The cycle for one block can be repeated the desired number
of times before moving on to the next block. More details of
the design and performance of the receiver circuit are presented
in [25].

IV. 3-D RANGE IMAGE DEMONSTRATIONS

A. Indoor Measurements

Since the basic properties of the SPAD based pulsed time-
of-flight imaging, e.g., its precision and the dependence of this
on pulse length and the averaging of successive results, have
been well covered in prior research, see [37], [38], [23] and

Fig. 9. Photograph of the target scene in indoors measurements.

Fig. 10. 3-D range image of the scene shown in Fig. 9 measured with 8192
laser shots per pixel, equivalent frame rate ∼2 fps.

references therein, the emphasis in the experimental section of
the current study will be on demonstrating the functionality of
a 3-D range imager in various measurement situations. In fact,
in spite of quite active research in this field, there have been so
far only a few full solid-state realizations (including transmitter
and receiver) to demonstrate the recording of 3-D range images,
especially under high background illumination conditions [16],
[17], [25], [39].

In order to demonstrate the functionality of the 3-D range
imager developed here, system test measurements were carried
out both indoors and outdoors. The aperture and focal length of
the receiver optics were 5.6 mm and 6.7 mm, respectively, and
an optical bandpass filter bandwidth of 40 nm (FWHM) was
used to reduce the effect of the background illumination. The
field of view (FOV) of the receiver was ∼40° × 10°.

A picture of the target scene for the indoors measurements (a
classroom) is shown in Fig. 9, and the corresponding 3-D range
image (point cloud) recorded at a frame rate of ∼2 fps is shown
in Fig. 10.

The laser drive rate was 256 kHz, and the radiation from a
single laser diode element fell on two lines of SPAD elements
at a time. 8192 laser shots were recorded per pixel so that the
equivalent frame rate with 16 laser diode elements was ∼2 fps.
The average laser power used for illumination was ∼2.6 mW.
The signal processing of the hit histograms of the 32 × 128
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Fig. 11. 3-D range image of the scene shown in Fig. 9 measured with 512
laser shots per pixel, eq. frame rate ∼30 fps.

Fig. 12. Detection rate over the 2-D SPAD array with 32 × 128 pixels in the
measurement situation represented in Fig. 10.

points included calibration of the static on-chip delay differences
within the receiver IC and of the distortion of the receiver optics.
The raw histogram was filtered using the shape of the optical
laser pulse as the filtering time-domain template (i.e., matched
filtering). The distance result was determined by finding the
channel with maximum number of detections and then averaging
the result around it.

Most of the target points were located on the walls at the back
and to the left of the scene, while some detector elements were
hit from the tables as well. The distance to the back wall was
∼13 …15 m. It is seen that the target shapes in the scene are
quite well recorded under normal office lighting. The shape of
the black pole to the left of the scene, for example, is clearly
seen in the recorded 32 × 128 pixel 3-D range image.

For comparison, Fig. 11 shows the same scene measured with
512 laser shots per point, in which case the equivalent frame rate
is ∼30 fps. Some point results are now missing, e.g., from the
surface of the black pole on the left of the image. The point cloud
quality is still relatively good, however.

The detection rates of pixels in the 32 × 128 SPAD array
during the measurement shown in Fig. 10, i.e., with the rate of
∼2 fps, as shown in Fig. 12, are seen to vary in the range 1 …10%
over the image area. The lower detection probability at the sides
of the pole is clearly visible in the detection rate map (columns
75 …80), and it is evident that one of the laser diodes in the bar
is emitting considerably lower power than the others (rows 3-4).
The lower intensity in every other row is due to the gap between
the laser diode emitters (150 μm).

The line profile of one of the 32 rows, in this case row no. 15, as
measured in the situation shown in Fig. 11 using 512 laser shots

Fig. 13. Line profile of the row 15 in the point cloud of 32 × 128 pixels
measured with 512 laser shots in the measurement situation of Figs. 9 and 11.

Fig. 14. Raw count (upper curve) and filtered intensity histograms (lower
curve) for one of the points in the result depicted in Fig. 13(marked with a red
dot in Fig. 13).

per point, is shown in Fig. 13. For this purpose a simple parabolic
filter with a FWHM width approximately fitted to the laser pulse
width was used to filter the raw histogram data. The profiles of
the wall on the left side of the figure are well recognizable. It is
also seen that the variation in the results, e.g., on the back wall
increases towards the right side of the picture, which is due to
the lower numbers of detections in that region.

As an example of the measured histograms, Fig. 14 shows the
raw and filtered data of one of the points from the 32× 128 point
cloud. The data shown were recorded from the point marked
with a red dot in Fig. 13. The upper curve in Fig. 14 shows the
raw data and the lower curve the filtered histogram. The time
histogram consists of the random hits caused by the background
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Fig. 15. Point-wise error and their distributions for the line profile shown in
Fig. 13 for the part of the back wall on the right side of the corner. The upper
boxes are for 512 laser shots and the lower ones for 8192 laser shots.

radiation and the signal hits within the pulse envelope of 0.3 m
(corresponding to the pulse length ∼2 ns) at a distance of 13 m.
The number of hits within the pulse envelope in this particular
point was 29 (out of 512 laser pulses emitted), which conforms to
expectations in the light of (1) (within the limits of the statistics
and the uncertainty with regard to some parameters). Due to the
low background illumination (office lighting), the SNR in the
measurement is defined solely by the signal photon statistics.

In order to appreciate the available precision, the error dis-
tributions for the points along the back wall (right-hand part of
the line profile) in Fig. 13 were analyzed for 512 and 8192 laser
shots, respectively. The error distributions are shown in Fig. 15.
The upper boxes show the point-wise error for 512 laser shots
and the lower boxes that for 8192 laser shots. As is seen, more
clearly from the results with 8192 laser shots due to the higher
averaging, the calibration of the distortion of the receiver optics
was not entirely accurate since it shows a quadratic dependence
on the horizontal measurement position. This error was then
removed in order to focus more clearly on the random error,
which was markedly smaller for the higher number of laser
pulses. Given an average detection rate over the whole line
of ∼5%, the expected precision for 512 laser shots would be
Δtpulse/SQRT(0.05 × 512) ∼ 2000 ps/5 = 400 ps (FWHM)
in time. Assuming a relation of σ = FWHM/2.35 (accurate
for a Gaussian pulse), a sigma value of 170 ps is achieved
for the precision. This corresponds to a distance precision of
2.55 cm (170 ps/67 ps) which is quite close to the measured
precision of 2.8 cm shown in Fig. 15. For 8192 laser shots the
precision should be 4 times better, i.e., 100 ps/1.5 cm (FWHM)
in time/distance, which improvement is also seen in the result
of Fig. 15.

B. Outdoor Measurements

In order to demonstrate the effect of gating on the quality of
the 3-D range images, some outdoor tests were also performed,

Fig. 16. Photograph of the target scene in the outdoors measurements.

Fig. 17. 3-D range image from the scene at a distance of ∼13 m (Fig. 16)
measured with 16 000 laser shots per pixel, eq. frame rate 1 fps with gating of the
SPADs 5 m before the target surface. Background illumination level ∼20 klux.

the test environment for which is shown in Fig. 16. The weather
during the measurements was windy with 50% cloud cover. The
background illumination level measured at the surface of the
target wall (gray concrete) varied between 10 klux and 60 klux.

In the first measurement the distance to the wall was ∼13 m.
As explained in Section III-B, the SPADs of the receiver ar-
ray can be activated at any time after the laser pulse with
a resolution of 5 ns. This technique reduces the exponential
attenuation, thus improving the measurement performance. In
the measurement situation shown in Fig. 16, for example, with
∼20 klux background illumination, 3-D range imaging was
not successful without gating. When the SPADs were activated
about 5 m before the target location, however, the measurement
was already operative for most of the image points, especially at
the center of the image area. The measured point cloud is shown
in Fig. 17. In this measurement 16 000 laser shots were used for
each of the image points and thus the equivalent frame rate with
a driver rate of 256 kHz was 1 fps.

The raw histogram data for a few points on row 16 are shown
in Fig. 18. The exponential dependence of the background hits is
clearly seen due to the relatively high background illumination
level. The time constant τBG can be evaluated to be ∼20 ns
which corresponds to background illumination of ∼20 klux in
this particular measurement situation. The position of the SPAD
activation is at ∼8 m. In this raw data the positions of the target
points at ∼13 m are barely noticeable.
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Fig. 18. Raw histogram data from a few points on row 16 in the measurement
situation shown in Fig. 16.

Fig. 19. Raw counts, normalized counts and post-processed intensity his-
togram for one of the points (row 16, column 96) in the measurement situation
of Fig. 16.

For outdoor measurements the signal processing included
compensation of the exponential attenuation (normalization in
Fig. 19, not necessary in indoors measurements, see [40], [41],
and matched filtering (presented as post-processed intensity in
Fig. 19). As an example of this processing, the corresponding
histograms for one of the points in the point cloud image (row
16, column 96) are shown in Fig. 19. The SNBGR estimated
from Fig. 19 at the target distance is 5 …10 which is in line with
the prediction based on (1).

At a slightly lower background illumination intensity
(∼12 klux) and with tighter gating (∼20 ns before the target
surface, equivalent to 3 m), the image quality was improved,
as shown in Fig. 20. It is also evident that measurement is not
successful for one of the laser diode elements even in this case
(rows 3 and 4).

V. DISCUSSION AND SUMMARY

The full realization of a solid-state 3-D range imager based
on the pulsed time-of-flight method has been described above.
The system employs block-based segmented illumination in the
transmitter and a single chip 2-D SPAD/TDC 0.35 um CMOS

Fig. 20. 3-D range image of the scene in Fig. 16 measured with 16 000 laser
shots per pixel, eq. frame rate 1 fps and with gating of the SPADs 3 m before
the target surface. Background illumination level ∼12 klux.

array with 32 × 128 SPAD pixels and 257 TDCs in the re-
ceiver. The illuminator is constructed using a custom-developed
common-anode LD bar which is driven with GaN FETs working
in such a way that any of them can be separately addressed.
Thus, the illuminator works effectively as a solid-state scanner,
i.e., scans the system FOV in blocks without any mechanically
moving parts. The segmentation of the illumination results in
a higher SNBGR -ratio in the detection and a simpler receiver
realization (in terms of the number of TDCs needed) than with
the typically used flood-illumination approach, assuming equal
average illumination power. A photon detection probability of
<<1 and background noise limited measurement are assumed
in this comparison. Certain design consideration with regard to
gating of the SPAD detectors and optimization of the receiver
aperture were also discussed.

The improvement in performance is proportional to the square
root of the number of blocks used. In this particular realization a
custom-designed common anode laser diode bar based on QW
laser diodes working in the enhanced gain switching regime was
used as the laser transmitter, although when working with a ns
pulse regime for a longer range, an array based on standard
double heterostructure (DH) pulsed laser diodes would be a
possibility, and in view of the lower threshold current, an even
better choice. Another option could be a VCSEL (vertical cavity
surface emitter laser) diode array with addressable sub-array
blocks. This approach might allow for a large number of illu-
mination sub-blocks and simpler realization of the transmitter
optics, since the dimensions of the VCSEL array and its sub-
blocks can be scaled to correspond to the desired illumination
pattern. Another VCSEL transmitter approach would be to use
the unit laser elements of the VCSEL array to directly define
the spatial resolution of the measurement (rather than the SPAD
elements of the receiver array) [42].

It was shown here that the system is capable of producing
relatively accurate 3-D range image results (at the level of a few
cm) with 32× 128 pixels (FOV 40°× 10°) up to a range of 15 m
in normal office lighting at a frame rate of ∼30 fps using a low
average illumination power of only 2.6 mW. In fact, 3-D range
images were still captured at a distance of ∼13 m in relatively
high background illumination of∼20 klux using the gated SPAD
approach, although at a lower frame rate of∼1 fps. These results
compare quite well with those of a very recent state-of-the art
study that demonstrates 3-D range images obtained at a frame
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TABLE I
COMPARISON WITH STATE-OF-THE-ART SPAD dToF 3-D RANGE IMAGERS

∗Half of the array used in 3-D, ∗∗not defined in 3-D.

rate of 4 fps at a distance of ∼13 m with a VCSEL based flood
illuminator working at an average illumination power of 90 mW
in a pulsed time-of-flight set up. The two-tier CMOS receiver
(FOV 63° × 41°) includes 240 × 160 SPAD elements in the top
tier. These are divided into sub-groups of 8 × 8 SPAD elements
which all are served by a time-to-digital converter and digital
processor located on the lower tier, thus the total number of on-
chip TDCs (and the maximum number of detections per emitted
laser pulse) is 600 [39]. The measurement distance achieved in
moderately high background illumination of ∼10 klux was 4 m
at a frame rate of 20 fps [39]. A more detailed comparison of
this work and the study referred above and another development
within this field is given in Table I.

Another interesting comparison can be made with a recent
study that uses a similar illumination concept realized with an
on-chip thermo-optic switching tree and a focal plane grating-
based transmission array in an FMCW (frequency modulated
continuous wave) lidar configuration using a narrow-band fixed-
frequency 1550 nm laser in CW mode frequency modulated
with a Mach-Zehnder modulator [28]. The study demonstrates
distance measurement with mm-level precision in a measure-
ment range of several tens of meters with 32 × 16 pixels,
although within a small field of view of ∼2° × 2°. The added
advantage of the FMCW lidar is that in addition to the target
distance, its velocity can also be analyzed from the measured
beat frequency. The average illumination power used was 4 mW
and the (estimated) equivalent frame rate∼9 fps. The small FOV
allows for a long focal length and thus a relatively large aperture
of 25 mm. It is clear from Section II that the use of a much smaller
system FOV in the work described in this paper would have
improved the performance considerably. Practical applications,
however, typically require a FOV in the range considered here
or even larger.

One obvious way to improve the performance of the tech-
nology developed, especially the maximum range in a harsh
background environment, is to use short ns-scale or even sub-ns
laser pulses with higher peak power and pulse energy, and
to increase the number of sub-blocks in the illuminator. The
limitations here arise from the challenge in constructing high
speed and high current drivers, since each of the blocks should
be driven with >10 A ns-range current pulses. With a standard
broad-stripe DH laser diode a pulse energy of 50 …100 nJ seems
feasible with 1 …2 ns pulse widths. Some improvement can be
achieved by increasing the pulsing rate to the driver, however, by
considering the allowed maximum average optical illumination
power from the point of view of eye safety, the increase in
the power consumption of the transmitter and related cooling
issues, and also the increase of the I/O load of the interfaces. For
example, a pulsing rate of ∼1 MHz should be possible for the
transmitter used in this work without any severe cooling issues.
With a VCSEL-based approach the number of illumination
blocks could conveniently be higher than with separate laser
diode elements or even with a laser bar structure.

From the receiver design point of view, the rate of background
illumination induced random hits (and thus noise and blocking)
can be effectively reduced by reducing the field of view for the
SPAD unit element. This can be achieved either by increasing
the focal length of the receiver optics and/or by decreasing the
area of the unit element. To retain the system FOV, however,
the number of pixels has to be increased, which then partly
counteracts the improvement in SNBGR. One other possible
approach for overcoming this is to decouple the system and unit
element FOVs by means of a segmented matrix-type transmitter.
Thus, the block-based VCSEL illuminator offers an interesting
approach and certainly deserves further studies.

Another option to reduce the blocking in the receiver is to
construct the image pixel from several free-running SPADs
(using the same equivalent pixel size), which would work in-
dependently from each other and whose results are summed
up to get the macro-pixel histogram. Preliminary system level
simulations show that a SPAD dead time corresponding to the
level of maximum range (e.g., 100 ns in 10 m range) with
4 sub-pixels, for example, would reduce quite efficiently the
blocking effect. In this approach, the use of several sub-pixels
would allow the longer dead time for the SPAD, which would
simplify the design of the receiver.

To conclude, the current approach seems to pave the way
for the development of fully solid-state 3-D range imagers,
which can be realized in relatively small size, e.g., for machine
guidance and control in the construction industry, forestry and
agriculture. The technology should be able to give a range of
up to several tens of meters with ∼10 k spatial resolution, a
relatively wide system FOV, cm-range precision (with ns-scale
optical pulses) and a frame rate of 10 …30 fps under harsh
background illumination conditions. Operation in bright sun-
light (∼100 klux) is certainly a challenge, as for any other
SPAD-based lidar approach for that matter but could at least
partly be alleviated by advanced gating or freely running SPAD
element approaches, for example. In general, more research in
the field of advanced illumination techniques is needed, since
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this topic is definitely a critical bottleneck in our research into
SPAD based pulsed TOF 3-D range imaging.
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