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A CMOS Receiver—TDC Chip Set
for Accurate Pulsed TOF Laser Ranging

Sami Kurtti, Jussi-Pekka Jansson and Juha Kostamovaara, Senior Member, IEEE

Abstract— An integrated receiver-TDC (time-to-digital
converter) chip set is developed for pulsed time-of-flight (T OF)
laser rangefinding. The receiver detects the current pulse from
the optical detector and produces a timing mark for the TDC. The
receiver uses time mode walk error compensation scheme
achieving <+/-2.5 mm residual timing walk error within a dynamic
range of ~1:40,000. The multi-channel TDC measures the time
position, width and rise time of the echo pulses simultaneously
with ~ 10 picosecond (ps) precision. Both chips are manufactured
in 0.35-um complementary metal-oxide semiconductor (CMOS)
technology. The functionality of the chip set was demonstrated in
a laser radar platform using 12 W and 3-ns optical pulses
produced by a laser diode. A measurement accuracy of ~+/-3 mm
was achieved with non-cooperative targets at a distance range of a
few tens of metres within an amplitude range of received echoes of
1:40,000.

Index Terms—Pulsed time-of-flight, Laser rangefinder, Laser
radar receiver, Time-to-digital converter, lidar, Timing
discrimination

I. INTRODUCTION

ASER radars are commonly used for distance measurement

applications in geodesy and forestry, and also in industrial
applications such as the measurement of level heights in silos
and containers and the measurement of the large-scale
geometry of natural objects [1]-[3]. Laser ranging is usually
based on time-of-flight (TOF) techniques, in which the transit
time of a laser pulse or the phase shift of an amplitude-
modulated continuous-wave (CW) laser signal introduced by
the finite travelling time (At) of the signal transmitted to the
target and back to the receiver is measured. Because the
velocity of light (c) is known and is relatively stable under
varying environmental conditions, the distance from the target
(R) can be calculated using the measured time interval (At) or
phase shift.

CW modulation-based phase comparison techniques result in
relatively simple electronic realizations, but suffer from a
tradeoff between the precision of the result and its ambiguity.
A high precision necessitates the use of a high modulation
frequency (e.g. 100 MHz), which yields a relatively short non-
ambiguous measurement range. This range can be extended by
using several modulation frequencies,— but at the expense of a
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longer measurement time and more complex realization [4]—
[7]. The presence of several targets within the transmitter
illumination is also an issue for CW phase-comparison laser
radar techniques.

On the other hand, the pulsed TOF principle allows the
obtaining of a broad unambiguous measurement range limited
by the transmitter pulsing frequency (e.g. 100 kHz corresponds
to ~1 km) and high precision with a high measurement speed,
as a measurement based on a single transmitted pulse typically
gives only centimetre-level precision [5], [8]. With regard to
electrical realization, however, the pulsed TOF principle is
demanding, requiring the processing of nanosecond-scale
optical and electrical pulses with picosecond precision.

Pulsed TOF laser radar techniques have recently shown great
potential in  two-dimensional (2-D) and three-
dimensional (3-D) range imaging, i.e. in environment
perception systems which have applications in electrically
assisted driving and in the control of machines used in the
construction industry, farming and forestry (e.g. excavators,
bulldozers, wood processors). Other obvious potential
application areas are drones and robots [9]-[11]. One successful
realization architecture uses a multi-channel spinning radar unit
that can simultaneously measure distances on several (e.g., 64)
vertical planes [9], [10]. In 3-D range imagers, especially when
aiming at a solid-state approach using multiple detector
elements (i.e. laser scanning without moving parts),
miniaturization of the measurement electronics is important in
order to be able to reduce the size and power consumption of
the system.

The targets in laser radar applications are typically non-
cooperative (Lambertian type), and the measurement range is
typically from a few tens of metres up to ~100 m, while the
required single-shot precision is at the centimetre level. This
performance level can be achieved with laser pulses having a
peak power and pulse width of >10 W and 3...5 ns,
respectively, as explained in detail below. Pulses of this kind
can be produced using a semiconductor laser diode (LD)-based
transmitter, while the typical realization of the receiver part
includes an avalanche photodiode (APD) optical detector, a
low-noise pre-amplifier, post-amplifiers and a multi-bit
analogue-to-digital (AD) converter, as shown in Fig. 1.

Since nanosecond-scale pulses are used, the output of the
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Fig. 1. The sampling-based approach.

receiver should be sampled at a relatively high rate, e.g. >500
mega samples per second, in the sampling-based receiver
architecture, shown in Fig. 1. Now, a full waveform analysis
can be carried out (digital signal processing, DSP). However,
the high sampling rate and the need for a multi-bit AD converter
will also increase the power consumption (W-range), which is
aparticularly serious issue in the multi-channel realizations that
are especially needed in a solid-state laser scanning architecture
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Fig. 2. The event-based timing approach.

In another receiver architecture (the event-based timing
approach), which is adopted and used here, the AD converter is
replaced with a non-clocked timing comparator and a time-to-
digital converter (TDC), as shown in Fig. 2. The timing
comparator is triggered only when the received pulse exceeds a
predetermined threshold, which is defined by the noise level of
the receiver and the set false-alarm rate [1], [8], [12]. The TDC
is then used for direct measurements of the time interval
between the emitted and received optical pulses. As a result, no
continuous sampling of the receiver channel is used, which will
substantially reduce the power consumption of the receiver. On
the other hand, because accurate samples of the received echo
pulse waveform (envelope) are not available, the variation in
the amplitude of the echo due to the varying distance (~1/R?),
orientation and reflection properties of the objects [13] may
introduce a timing accuracy problem (timing-walk error). An
example of the walk error generation in timing discrimination
is shown in Fig. 3 (a). The variation in the amplitude of the echo
pulses causes systematic timing error (walk error) to the
measured At and it is therefore seen in the calculated distance
result (AR=c*At/2).

The timing-walk error is produced by the dependence of the
timing moment on the amplitude of the received echo signal. In
simple threshold detection, the error can reach a few
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Fig. 3. (a) Timing walk-error in a leading-edge timing discriminator, (b)

timing discrimination-based leading detection employing multiple thresholds
(Vi L and Vi v).

nanoseconds (67 ps in time corresponds to 1 cm in distance) and
is thus a serious issue with regard to the accuracy of the laser
radar system [14]. This situation is complicated by the fact that
the linear pulse amplitude range of the receiver channel as
realized in modern integrated-circuit (IC) technologies is
typically narrow (~1:100) as a result of the low supply voltage
and the receiver sensitivity optimization [14]. Thus, to
accurately discriminate the timing moment from the input
signal echo by applying known linear timing discrimination
techniques (e.g. zero-crossing detection or constant-fraction
techniques), an automatic gain-control unit at the input to the
preamplifier and/or control of the transmitted optical power
would be needed. These solutions, however, may result in a
mechanically bulky realization (e.g. an optical neutral density
(ND) filter with varying transmittance), or else they may restrict
the dynamic range owing to the varying electric group delay in
the electronic gain control [15].

Another solution which is pursued here is that other time-
domain parameters are measured from the received echo in
addition to simple threshold detection and measurement of the
corresponding time interval (start—stop). The width of the echo
pulse, for example, obviously correlates with the echo
amplitude; i.e. a higher amplitude corresponds to a wider
received echo at a constant threshold level. Importantly, this
holds good even in the case where the receiver is clamped at its
maximum output amplitude level (extending the applicability
ofthe method beyond the linear dynamic range of the receiver).
In addition, another detection threshold (Vi u) can be used,
allowing characterization of the slew rate of the echo signal
(which also correlates with the echo amplitude) as shown in Fig.
3(b). This additional timing information can then be used to
compensate for the timing-walk error, as explained in detail in
Section II, or even to determine the amplitude of the echo if this
information is important in the specific application. For the time
interval measurement a high-precision multi-channel TDC
(time-to-digital converter) is also needed, enabling
measurement of several time domain parameters
simultaneously from a single echo pulse.

In this work a CMOS receiver—TDC chip set was developed
that implements the receiver path of a pulsed TOF laser radar
in accordance with the event-based timing approach and time
domain walk error compensation strategy described above. The
input to the chip set is the signal current from the APD, and the
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output consists of the digital timing signals indicating the
distance measured and the echo pulse width and rise time. The
key performance characteristic of the circuitry is its ability to
detect the time position of the received nanosecond-scale echo
pulse accurately, with a timing walk error of <1 cm (~70 ps),
within a wide dynamic range of echo amplitudes (>1:10,000)
and with a high single shot precision of ~200 ps (SNR~10),
enabling high measurement speed limited by the pulsing rate of
the laser diode transmitter (e.g. 100 kHz). The usability of the
chip set and the attainable system level performance are
demonstrated in a fully characterized pulsed TOF laser radar
system. The key advantage of the presented chip set over prior
art, e.g. in comparison to [14], is the substantially improved
residual timing walk performance, which is achieved using the
proposed time domain walk error compensation scheme based
on a high performance multi-channel time-to-digital converter
realization.

It is believed that the receiver-TDC chip set developed here
could pave the way for the development of miniaturized low-
power multi-channel laser radars that could enable the high
speed measurement of 2-D and 3-D laser range images using 1-
D and 2-D detector arrays.

The paper is organized as follows. Section II addresses the
key design principles of a pulsed TOF laser radar and the details
and performance of the receiver and TDC CMOS realizations
developed here. The laser radar platform developed here and
the system level measurements obtained are given in Sections
IIT and IV, respectively. Conclusions and comparisons with
previous studies are given in Section V.

II. PULSED TOF RANGEFINDING TECHNIQUES

A. Basic Operation and Design Principles

Pulsed TOF laser radar techniques are based on sending short,
intense laser pulses towards the target and measuring the time
taken for them to travel to the target and back to the receiver. In
general, high-power pulsed LDs must be used in order to
achieve a measurement range of several tens of metres for
Lambertian-type targets with a typical receiver aperture size
(e.g. 2 cm in diameter). A shorter laser pulse will obviously
yield a higher single-shot precision. On the other hand, in a
high-peak power regime (>10 W), the minimum laser pulse
width is restricted to a few nanoseconds on account of the
difficulty in generating a pulse-mode drive current in the
necessary >10 A/ns regime with readily available electronic
solutions [16].

In the present case we used a commercial LD (905D1S2J03Y,
Laser Components) in the transmitter, and this was driven with
a metal-oxide semiconductor (MOS) -based current transient
generator giving a drive current with an amplitude and pulse
width of ~8 A and 3 ns, respectively [17]. The pulsing rate of
the transmitter was ~10 kHz in the experiments described
below, but can be raised to 100 kHz if needed. The optical
output of the LD, recorded with a 25 GHz optical measurement
head, is shown in Fig. 4. The start signal acting as the reference
signal for the multi-channel TDC is discriminated from the
driving current of the LD.
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Fig. 4. Optical output pulse of the laser diode transmitter.

The half-value of the pulse width is approximately 3 ns, the
wavelength 905 nm and the measured peak output power 18 W
(12 W after the optics). Since the width of the pulse is ~3 ns
(corresponding to a distance of approximately 1 m), it is
obvious that simple threshold detection does not give the
required centimetre-level accuracy, considering that the
amplitude of the received echo may vary in a dynamic range of
1 to 10,000 or more.

The timing jitter of the measurement, i.e. the random
variation of the measured distance, is determined by the signal-
to-noise ratio [SNR, peak amplitude per root-mean-square
(rms) noise] of the measurement. Assuming simple threshold
detection and a receiver bandwidth matched to the rise of the
laser pulse (i.e. with a rise time (t;) of ~1.5 ns, a bandwidth of
230 MHz, ~0.35/t;), the jitter is proportional to the ratio of the
receiver noise to the slew rate of the timing signal [18]
tr c

xS 1)

SNR 2

Onoi t;
0t=d"$z$ and op =
2lv®Olt=t

where o, is the standard deviation of the timing jitter at the
timing point tp, gueise 18 the standard deviation of the receiver
noise at the input to the timing comparator, v(7) is the input
signal of the timing comparator, and c is the velocity of the
light. The jitter directly transforms to the single-shot range
precision of the laser radar, or. With a laser pulse rise time of
1.5 ns and a minimum SNR of ~7 (according to the desired
false-alarm rate), the timing jitter for a single measurement is
~200 ps. The jitter is lower with a higher SNR and can be
further improved by averaging several successive
measurements.

The SNR can be calculated using the well-known radar
equation. For a laser radar operating in a regime of geometrical
optics (not diffraction-limited) and with non-cooperative
Lambertian-type targets the power seen by the receiver is

P(R) = LLE%, @

where Pr is the peak pulsed output power of the LD, z7is the
transmission of the optics, p is the reflection coefficient of a
diffuse target, and 4, is the aperture of the receiver optics. With
Pr=12 W,tr=0.7, p= 0.3, and a receiver aperture of 20 mm,
for example, the received input power is approximately 25 nW
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at a distance (R) of ~100 m. This corresponds to an APD output
current of is,(R) = PA(R) X Ro, where Ry is the responsivity of
the APD. With Ry=40 A/W and P, = 25 nW, the input current
to the transimpedance amplifier (TIA) is ~1 pA. Assuming an
input-referred current noise of ~100 nA for the receiver, an
SNR of~10 is achieved. This example calculation demonstrates
that with these laser diode and system-level parameters a
measurement range of ~100 m to non-cooperative targets is
achievable with a single shot precision of ~3 cm (corresponding
to a timing jitter of ~200 ps) and a high measurement speed of
~100 kHz...1 MHz (limited by the pulsing rate of the laser
diode).
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Fig. 5. Timing walk error in leading-edge detection.

B. Timing Discrimination and Walk Error

The main function of the receiver channel is to detect the time
position of the weak optical echo pulse. This should be done
accurately over the whole dynamic range of the received echo
pulses from the minimum signal amplitude (SNRmin) up to the
maximum (i.e. for the input current pulse range of ~1
PLA...100 mA). In addition to the aforementioned random jitter
due to the noise, the timing discrimination introduces a
systematic timing-walk error, as already briefly discussed
above.

The responses of the amplifier channel to small and large
signals are shown in Fig. 5. In simple leading-edge detection
with a constant threshold, one part of the error is produced by
the finite rise time of the input pulse (geometrical error),
denoted as tgom in Fig. 5. With a rise time of 1.5 ns, for example,
this error is ~750 ps, assuming that the minimum acceptable
echo pulse amplitude is twice as high as the timing comparator
threshold. Another source of timing-walk error is the varying
electric delay of the receiver channel, denoted as RCequiv in
Fig. 5. For the maximum pulse (a step-like signal) this delay is
almost negligible, while for the minimum signal it is equal to
the equivalent RC time constant of the receiver, i.e. ~700 ps for
a receiver bandwidth of ~200 MHz [14], [19]. Thus the total
timing walk of the receiver within its dynamic range is
approximately 1.5 ns with the aforementioned parameters. This
is equivalent to a distance measurement error of ~25 cm without
any corrective measures.

The timing-walk compensation is realized here in the time
domain, using a multi-channel TDC. In the timing detection two
parallel timing comparators with separate threshold voltages
(Vi L and Vg u) are used, as shown in Figs. 3(b) and 6, three

timing marks are discriminated — that from the lower threshold
at the rising edge (stopl), that from the upper threshold at the
rising edge (stop2), and that from the falling edge of the
received pulse (stop3) at the lower threshold — as shown in Fig.
3(b). The multi-channel TDC then records the corresponding
time intervals (start-stopl, stopl-stop2 and stopl-stop3) and
this information is used for distance determination and time-
domain walk error compensation.
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Fig. 6. Block diagram of the receiver channel.
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C. Receiver Channel

The receiver channel, as shown in Fig. 6, was implemented
in standard 0.35-pm CMOS technology [20]. The receiver-
channel electronics consist of a transimpedance pre-amplifier,
a voltage-type post-amplifier, two parallel timing comparators
and bias circuitry. The current signal received from the APD is
first amplified by the transimpedance-type pre-amplifier and
then further amplified by post-amplifiers. Three timing signals
(stopl, stop2, and stop3) are produced by using two parallel
timing comparators: (Comp_width) produces a stopl signal
when the input crosses a programmable threshold (Vg 1), and
the upper threshold voltage (V4 uv) is used for the parallel
timing comparator (Comp_risetime), which produces a second
timing mark (stop2). Finally, a third timing signal is produced
when the ftrailing edge falls below the Vg of the
(Comp_width) comparator. The reference voltages for the
timing comparators are set by adjusting the currents Ipac  and
Ipacu. Vmr for the (Comp width) and Vg uy for the
(Comp _risetime) can be adjusted using 6-bit DACs with LSBs
of 2.7 and 15.7 mV, respectively. The receiver also includes
readout circuitry for the threshold voltages.

The measured characteristics of the receiver channel are as
follows: transimpedance ~100 kQ, bandwidth ~250 MHz,
input-referred rms noise current of the receiver ~100 nA
(Cintotar~ 3 pF), and power consumption approximately
180 mW. The walk measurement showed that the original
timing-walk error at the level of 2.5 ns was reduced to +25 ps
(+4 mm in distance) over a dynamic range of ~ 1:100,000 using
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Fig. 7. Block diagram of the time-to-digital converter. !

the proposed time-domain walk error compensation techniques.
The size of the layout of the receiver channel is approximately
2 mm x 2 mm, and it is enclosed in a QFN36 package.

D. Time-to-Digital Converter

A multi-channel TDC, the operation principle, construction
and performance parameters of which are presented in detail in
[21], is composed of the blocks shown in Fig. 7. Its operation is
based on a 7-bit counter and two-level stabilized delay line
interpolation. The TDC solves the time intervals (At;, Aty, At3)
accurately between the start and the three timing signals (stop1,
stop2, stop3) received from the receiver IC. The reference start
signal, which indicates the beginning of the measurements, is
taken electrically from the driving current of the LD transmitter.
Start—stopl (At;) defines the actual distance information,
including the walk error. Stopl-stop3 (At;) determines the
width of the measured pulse, and stop | —stop2 (Ats) corresponds
to the rise time of the measured pulse, for use in walk error
compensation.

The multi-channel TDC implemented in a standard 0.35-pm
CMOS technology achieves a timing resolution (Gms) 0of <10 ps
and a measurement range of 530 ns, corresponding to a distance
of ~80 m. The delay locking stabilizes the measurement against
process, voltage and temperature variations. Its supply voltage
is 3.3 V, and the power consumption is ~150 mW. The size of
its IC is 2.5 mm % 4 mm, and it is enclosed in a plastic QFN48
package.

III. CHARACTERIZATION PLATFORM

The use of the receiver-TDC chip set developed here was
demonstrated on specially constructed a laser radar platform.
The system, depicted in Fig. 8, consists of a laser diode
transmitter, paraxial optics and the receiver electronics,
including an APD detector (First Sensor,AD230-8 TO52S1)
and the receiver—TDC chip set, as presented above. The laser
radar was controlled by a Xilinx Spartan6 FPGA processor
(OpalKelly XEM6001) using Verilog code on a development
platform. The computer-connected control system was driven
by means of Python-based measurement software.

The optics used in the laser radar are shown in Fig. 9. The
receiver uses paraxial optics, and the focal lengths of the
transmitter and receiver optics are 30 and 20 mm, respectively.

Fig. 10. Measurement PCB, including an avalanche photodiode, a receiver I1C,
and a TDC IC.

The aperture of the receiver lens is 20 mm, and the width of the
emitting stripe of the LD is 80 pm. This corresponds to a
divergence of the laser beam (6;) of ~2.7 mrad, yielding a spot
size of 8 cm at 30 m. The receiver electronics, including the
APD, receiver channel and TDC, were installed on a single
printed circuit measurement board (PCB), as shown in Fig. 10.
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Fig. 11. Pulsed TOF measurement track.

IV. MEASUREMENT RESULTS

The TOF measurements were performed using the calibrated
automated linearity measurement track shown in Fig. 11. This
had an estimated target-locating accuracy of 0.3 mm, and the
target distance was varied within a range of 3 to 34 m
(maximum operation range for the track). The background
radiation level during the measurements was <50 Ix (normal
laboratory conditions).

Three kinds of target material differing in their reflectivity
were used to alter the level of the input signals. For example in
[13] different reflectance coefficients (p) were given for
different materials at 900 nm wavelength. Here, a calibration
measurement was done for measuring reflectance properties of
target materials such as black cardboard (reflectivity p =~ 0.12),
white paper (p =1), and a mirror-like reflective sheet (p >> 1).
An input signal level of SNR = 50 was received with the
measurement track at its maximum length (34 m) and using the
black cardboard as a target. Since the amplitude of the received
echo signal decreases proportionally to the second power of
distance, a maximum distance from this target can be estimated
to be ~100 m (SNR~5). At the other extreme, the input
amplitude started to decrease at distances shorter than 5.5 m
owing to the parallel optics used in the laser radar, and since the
receiver sees only a small portion of the light spot on the target
at short distances, the signal was too weak for measurement at
less than 3 m. The effect of the target distance on the dynamic
range of the optical input signal was ~1:38 (at distances of 3—
34 m). As aresult, the total dynamic range of the optical input
signal amplitude was approximately 1:40,000 when different
target surfaces were used in the linearity measurements (at
distances of 3-34 m).

The lower threshold voltage (Vi 1) was set to correspond to
approximately 7 times the RMS-noise value (electrical noise) at
the input to the timing comparator (Comp_width in Fig. 6). The
upper threshold (Vi,_u) was set to correspond to approximately
50 times the RMS noise value at the input of the parallel timing
comparator (Comp_risetime in Fig. 6). The exact value of the
upper threshold voltage is not critical as far as timing-walk
compensation is concerned. It is only important to use the same
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Fig. 12. Walk error without compensation as a function of input current
amplitude.
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Fig. 13. Measured pulse width as a function of input amplitude.
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threshold voltages for the calibration measurement (for
constructing the compensation tables) and for the actual
distance measurements for which the tables are used.

A. Calibration Measurements

The calibration measurements were carried out at a fixed
distance and with a variable optical neutral density filter (ND)
used in front of the transmitter lens to sweep the input amplitude
over the dynamic range of ~1:40,000 (the same as the signal
range in the linearity measurements). The multi-channel TDC
was then used to measure the time intervals between the start
signal and the three timing marks stop1, stop2, and stop3. The
measured timing-walk error without compensation is shown as
a function of input current amplitude in Fig. 12. The resulted
walk error was approximately 40 cm, which is 2.8 ns in time,
over the amplitude range from ~1 pA—40 mA.

The width of the measured echo pulse as a function of the
input current from the APD is shown in Fig. 13, where the pulse
width is seen to increase monotonically with an increasing APD
current. Thus this information can be used for timing-walk error
compensation.

Two compensation curves were generated. In Fig. 14 the
measured uncompensated timing-walk error (change in the
timing moment at the lower threshold (Vi 1) due to the varying
input amplitude) is shown as a function of the measured pulse
width (stopl-stop3), containing 116 measurement points. The
measured pulse width widened monotonously from ~1.5 to
22 ns as the input signal level was increased.
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Fig. 14. Compensation curve (Walk_vs_Width).
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Fig. 15. Compensation curve (Walk_vs_Risetime).

The stop2 signal is sent from the receiver IC as the input
signal reaches an SNR level of ~500, whereupon the behaviour
of the timing error as a function of Aty (stopl—stop2) is as
shown in Fig. 15. Note that the operation range of the rise time
measurement is limited to signal amplitudes exceeding the
upper threshold only.

B. Single-Shot Measurements

Single-shot measurements were performed at a distance of
34 m. The measurements were repeated 5,000 times, and each
of the individual results was automatically corrected by
reference to the Walk vs_Width compensation curve shown in
Fig. 14.

The distributions of the 5,000 single-shot compensated
measurement results obtained at a distance of 34 m for different
target materials using the Walk vs Width timing-walk
compensation method are shown in Fig. 16. As is seen, the
single shot precision is ~36mm (sigma value) with an SNR of
~10 and improves to about ~2 mm at higher signal amplitudes.
Note also that the average of the distributions remains at 34 m
even though the signal level varies considerably.

C. Accuracy and Linearity Measurements

The linearity error was measured using a calibrated track, as
shown in Fig. 11, and sweeping the distance from the target
from 3 to 34 min 0.5-1-m steps. Black cardboard (black lines),
white paper (blue lines), and a diamond-grade sheet (red and
orange lines) were used as targets. In addition, to achieve the
SNRmin signal level, an extra ND filter with a transmittance of
21% was included when the black cardboard was used (green
line). As a result, the reflected power varied within a range of
approximately 1:40,000 owing to the distance variation and the

sl AN

0 0
339 3392 3394 3396 3398 33 3402 34.04 3406 3408 340
TOF hased target distance [m]
Fig. 16. Distributions of the single-shot compensated measurement results at
34 m; red (p >> 1), blue (p= 1), black (p = 0.12), orange [p ~ 0.12 + ND filter
(21% transmittance)].
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Fig. 17. Measured nonlinearity: the solid and dashed lines correspond to
Walk_vs_Width and Walk_vs_Risetime, respectively, and the measured total
amplitude variation is approximately 1:40,000.

target reflectance properties.

5,000 individual measurements were averaged at each
distance and the timing-walk errors were subtracted from the
measured distance results by determining the corresponding
walk error using either the Walk vs Width or
Walk_vs_Risetime compensation curve in the calibration, as
shown in Figs. 14 and 15. The resulting linearity errors for the
different target surfaces are shown in Fig. 17 as a function of
the reference distance. The solid lines depict the compensated
distance results obtained using the measured pulse width, and
the dashed lines indicate compensated measurement results
based on Walk vs Risetime compensation. As shown, the
accuracy is better than £2.5 mm over the dynamic range of
1:40,000.

D. Temperature Measurements

The temperature drift was measured by placing the laser
rangefinding receiver board shown in Fig. 10, excluding the
optomechanical head and transmitter, in a temperature cabin
and measuring the compensation curves (Walk vs Width and
Walk vs Risetime) at temperatures ranging from —30 to
+78 °C. The temperature measurements were performed over an
input dynamic range of ~1:2,600. The objective was to explore
what accuracy would be achieved if the compensation curves
measured at 22°C only were used for all temperatures (range —
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TABLEI
PERFORMANCE SUMMARY AND COMPARISON OF RECENTLY PUBLISHED RECEIVERS
This work [14] [23] [24] [25] [26] [27]
Technolo CMOS BiCMOS CMOS CMOS CMOS CMOS CMOS
£y 0.35 pm 0.8 pm 0.18 pm 0.13 pm 0.35 pm 0.18 pm 0.18 pm
Bandwidth 230 MHz 250 MHz 720 MHz 640 MHz 140 MHz 150 MHz 110 MHz
; Rx TDC Rx+
Type of receiver chip set external TDC Rx Rx Rx Rx Rx
o R G ~100 nA ~110 nA 170 nA 120 nA 19 nA * 56 nA 23nA
Gain control not needed yes yes yes yes yes yes
Laser radar yes yes yes NA NA NA NA
measurements
Dynamic range >1:40,000 1:4000 1: 12,000 1:1600 1:12,000 1:2000 1:2000
Accuracy @ 22°C +2.5mm +35mm NA NA +210 mm + 149 mm NA
Temp range _3?, (t:O +80 0 to +50 °C NA _1(3(;0 60 _4(3(;0 85 NA NA
+210mm to
Temp dependence ~+ 10 mm NA NA NA +240mm NA NA
. 36 mm 9.5mm
Precision @SNR=10 @SNR 35 NA NA NA NA NA
| (¥) integrating mode, with 5 ns staircase pulse
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Fig. 18. Walk_vs_Width in the temperature range -30-78 ‘C.

30 to +78 °C). Compensation curves (Walk vs Width)
measured at several temperatures are depicted in Fig. 18. As
shown, the maximum error due to temperature variation
(difference between the measured curves at various
temperatures) is approximately +80 ps (12 mm) for the
compensated measurement result in a dynamic range of 1:100,
which corresponds to the linear range of the receiver channel.
In the range 100:2,600 the error is approximately +70 ps
(+10.5 mm).

The Walk vs Risetime compensation curves measured at
several temperatures (ranging from —30 to +78 °C) are shown in
Fig. 19. The maximum error within the dynamic range 100:
2,600 is approximately +30 ps (+4.5 mm), which is
considerably better than the result for compensation based on
pulse-width measurement in the same dynamic range. The
reason for this behaviour is that the width behaviour is more
temperature-dependent in this range owing to the receiver input
parameters (operation of protection diodes, RC time constants,
operation of pre-amplifier), for example. Stop2 is nevertheless
generated by the rising edge of the pulse, which is still in the
linear range of the preamplifier and is thus more stable as a

1.5 2
Stopl-stop2 [ns|
Fig. 19. Walk_vs_Risetime in the temperature range of -30-78 “C.

function of temperature.

V. CONCLUSIONS

A receiver—TDC chip set was developed, implemented in
0.35-um CMOS technology and tested in a pulsed TOF laser
rangefinder platform. Millimetre-level accuracy was achieved
by means of time-domain walk error compensation techniques,
which have the advantage of also working for clipped receiver
pulses. For this reason, the narrow linear range which is typical
of low-noise optical receivers does not restrict the permitted
dynamic range of the input optical echo pulse.

The nonlinearity of the distance measurement is better than
+2.5 mm within a range of 3 to 34 m (maximum range limited
by the length of the track), as measured with different types of
target corresponding to an input dynamic range of ~1:40,000.
The single-shot precision is better than 36 mm at an SNR of
~10, ~10 mm at an SNR of ~50 and ~2 mm at an SNR of
>10,000. The temperature drift of the measurement is
approximately +1 cm within the temperature range —30 to
+80 °C.

Pulsed TOF laser radar techniques are widely used,
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especially in laser scanning applications [10], [22], and current
laser scanners are typically based on mechanical scanning of
the laser beam over the region of interest. The current research
trend, however, is towards the development of solid-state
scanners, e.g. by using the focal plane scanner approach, where
a 1-D or 2-D array of detectors is located on the focal plane of
the receiver optics [23]. In this case miniaturization of the lidar
electronics is essential in order to reduce the complexity of the
system. This study has shown that in principle it is possible to
realize the high performance receiver and multi-channel TDC
of a pulsed TOF laser radar on a single CMOS die with state-
of-the art system-level performance.

The performance of the measured chip set is summarized and
compared with recently published works within this field in
Table 1. It should be noted however, that most of the prior
studies in this field (e.g. [23]-[27]) have focused mainly on the
development of an integrated receiver for a pulsed TOF laser
radar without complete characterization of the device at the
system level nor concurrent time-to-digital converter
development. In [25]-[26], the timing accuracy is less than £75
mm within a dynamic range of approximately <1:10,000,
whereas millimetre-level accuracy was achieved over a wider
dynamic range in the present study, however at a cost of
somewhat higher noise. A complete receiver TDC chip set was
developed in [14] butthe dynamic range and accuracy are worse
with a factor of ~10 compared to the present design.

The feasibility of the developed circuits and timing-walk
error compensation techniques were demonstrated using a laser
radar platform. Since both functionalities are based on the same
non-aggressive CMOS technology, they can in principle be
realized on the same die, which could pave the way for
miniaturized laser radar sensor and scanner systems.
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