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Abstract—This integrated receiver channel designed for a
pulsed time-of-flight (TOF) laser rangefinder consists of a fully
differential transimpedance amplifier channel and a timing
discriminator. The amplitude-dependent timing walk error is
compensated by measuring the width and rise time of the received
pulse echo and using this information for calibration. The
measured bandwidth, transimpedance and minimum detectable
signal (SNR ~10) of the receiver channel are 230 MHz, 100 kQ
and ~1 A respectively. The single-shot precision of the receiver
is ~3 cm at an SNR of 13 and the measurement accuracy is
+4 mm with compensation within a dynamic range of ~1:100000.
The receiver circuit was realized in a 0.35 um CMOS process
and has a power consumption of 150 mW. The functionality of
the receiver channel was verified over a temperature range of
-20 °C to +50 °C.

Index Terms— Laser radar receiver, laser rangefinder, lidar,
timing discrimination.

I. INTRODUCTION

ASER ranging is widely used for various distance mea-

surement applications, e.g., for measuring the large-scale
geometry of distant natural objects, level heights in silos and
containers and for various uses in geodesy and forestry [1]—[3].
Laser ranging is usually based on time-of-flight (TOF) tech-
niques, in which the transit time (AT) of a laser pulse to
the target and back to the receiver is measured. Since the
velocity of light (¢) is well-known and relatively stable under
varying environmental conditions, the distance to the target
can be calculated from the time lapse. In applications which
are not critical with regard to the permitted measurement
time, continuous wave (CW) laser modulation is typically
used, whereupon the transit time is measured from the phase
difference between the transmitted and received laser beams.
On the other hand, use of the pulsed TOF principle enables one
to achieve a high measurement speed, since even a measure-
ment based on a single transmitted pulse may give cm-level
precision [4]-[6]. The pulsed TOF principle is nevertheless
based on the use of short, usually ns-scale laser pulses, and
thus accurate, wide-band signal processing techniques are
required.
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Pulsed time-of-flight laser radar techniques have recently
shown a potential for use in 3-D imaging and environment
perception systems in general, which have applications in
electrically-assisted driving, in the programming of robots
and drones and in gesture control, for example [7], [8].
One successful realization architecture utilizes a multi-channel
spinning radar unit that can simultaneously measure distances
on several, e.g., 16 or 32, vertical planes [9].

The targets in the 3-D applications are typically non-
cooperative and the measurement range is typically a few tens
of meters, while the required single-shot precision is at the
cm level. This performance level can be achieved with laser
pulses having a peak power and pulse width of 10...30 W and
3...5 ns, respectively [1], [6]. Pulses of this kind can easily
be produced with a semiconductor laser diode (LD)-based
transmitter, while the typical of realization of the receiver part
includes an avalanche photo diode (APD) optical detector, a
low-noise pre-amplifier, post-amplifiers and a multi-bit AD-
converter, see Fig. 1(a). Since ns-scale pulses are being used,
the output of the receiver is typically sampled at a high
rate of more than 200 Ms/s. The high pulsing rate and the
need for the multi-bit AD-converter raise the issue of high
power consumption (W-range), however, which is emphasized
in multi-channel realizations [3].

Another approach for the receiver is to use event-based tim-
ing, Fig. 1(b). In this architecture the AD-converter is replaced
with a non-clocked timing comparator and a time-to-digital
converter (TDC). The timing comparator is triggered only



when the received pulse exceeds a predetermined threshold,
which is related to the noise level of the receiver [1], [5], [6].
A TDC is then used to measure the time interval between the
emitted and received optical pulses. As a result, no continuous
sampling of the receiver channel is needed, and thus the power
consumption of the receiver can be substantially reduced.
However, since multiple accurate samples of the received echo
pulse are no longer available, variation in the amplitude of
the echo may pose a timing accuracy problem. The amplitude
of the echo varies with the distance (~1/R?), orientation and
reflection properties of the object. The total variation may
be up to 1:10000 or more depending on the application
environment. In other words, the APD may give a pulse current
of 1 uA for a weak echo while the peak current for a strong
one may be in the region of ~10mA. The key challenge
is to be able to detect the time position of the received
ns-scale echo pulse accurately, with a minimum timing walk
of 1 cm (~70ps), within the required dynamic range.

An example of a receiver channel in which the event-
based timing approach has been utilized is presented in [10],
although the accurate timing discrimination used in that case
was based on linear signal processing, which requires that
the signal should remain in the linear range of the receiver
channel before timing detection and should thus be undistorted
in the pre-amplifier and post-amplifier of the receiver channel.
In modern IC processes where the supply voltage is low,
the linear range of the receiver channel is rather narrow
(1:10...100). As a result, this detection principle requires an
automatic gain control (AGC) structure to keep the signal in
the linear range of the receiver channel. For example, the
amplitude of the optical echo can be controlled optically with
a neutral density filter, although this is often slow and bulky.
Electrical gain control structures [10] have also been used but
they are typically incapable of handling the full dynamic range
of optical signals (>1: 10000) accurately.

We present here a CMOS laser radar receiver that utilizes
the event-based timing approach, in which the timing discrim-
ination is based on the measurement of two separate time
domain parameters from the echo pulse, as described in detail
in the following sections. The main advantage of this approach
is that high sensitivity and accuracy (<50 ps) can be achieved
over a wide dynamic range of >1: 10000 even within the
amplitude range in which the receiver is saturated, so that the
pulse shape becomes distorted.

The paper is organized as follows. The suggested principle
is described in detail and compared with alternative approaches
in Section II, while Section III describes the CMOS receiver
channel realization developed here, including all the blocks
of the receiver. Measurement results are given and analyzed
in Section IV, and finally, Section V presents a discussion and
the conclusions reached.

II. RECEIVER ARCHITECTURE

A block diagram of the pulsed time-of-light laser radar
is presented in Fig. 2. In this kind of laser radar aiming at
a mm-cm level of accuracy within a range of several tens of
meters to non-cooperative targets at high measurement rates
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Fig. 2. Block diagram of the pulsed TOF laser rangefinder.
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Fig. 3. Shape of the laser pulse used in rangefinding (PGAY 1S06).

of 10...100 kHz, the optical pulse is typically produced by
driving a high-power laser diode with an avalanche or a MOS
driver [11], [12]. Since a high peak power of >10 W is
typically needed, the corresponding driving current should be
~10A or more. This sets a practical limit on the width of
the pulse, which is typically a few nanoseconds. The shape of
the optical output of the laser diode (PerkinElmer PGAY 1S06)
used in the experiment below, when measured with a wide-
band (700 MHz) photodetector, is shown in Fig. 3. The peak
amplitude, wavelength and pulse width are 20 W, 905 nm and
3 ns, respectively.

The timing discrimination principle used in the receiver is
shown in Fig. 4. Two thresholds are used, V;; 1 and Vi v.
The lower threshold, V;;, 1, is set according to the noise level
of the receiver channel, the normal practice being to use a
threshold that is 5...7 times the RMS-noise value according
to the desired rate of false alarms. For low signal amplitudes
that are within the linear range of the receiver the timing walk
error can be compensated for using the measured width of the
pulse echo at this lower threshold V;;, . As is seen, the timing
comparator Comp_width produces two stop signals, stopl for
the moment when the pulse exceeds the threshold and stop2
when it returns below the threshold. The time interval between
these pulses, as measured with a multi-channel TDC, is used
for compensating for the timing walk error on the basis of a
separate calibration, see Fig. 5.

Unfortunately, the linear range of the receiver is typically
much smaller than the amplitude range of the optical input
echo, and thus of the range of pulse currents received from the



pulse width

} [}
OFF CHIP i RECEIVER IC !
i i TDC IC
1 . . . | stop 1 stop2
i pre-amplifier post-amphﬁer Comp_width i
R, ' Vth,L- |
Cic ! Ry !
[ ] . stopl 4 A A
APD ! : N Vi f , : :
N = CiD2 pii | Ao ! stop2 | : :
t=1-2ns | | | TDC
| ! |
R, Cac ' Rpp Vi N ! D :
th U .o .
WA | o
! \ : :
= ' m ' :
__________________________________________ , i :
;g Losp Iu.s;u =15 Cinr~3pF i H i s .
1y " N : ! time interval (Atyise)
“DE o ' . ' =stop3-stopl
: TP - | Attenuator post-amplifier i
N HJ_
;;i ==0.5p ==0.5p =15p : :
" 1 I I o o o e  mmmmmmmmo - 4

Fig. 4. Simplified block diagram of the receiver channel.
stop 3
plng g
by
__!_ _:I walk error
: stop 2

rr:

signals from compensation

comparator
output stop3-stop1
= Atiise
Vov walk error
Vi L compensation
h_|
" stop2-stop
e = pulse width
error
Fig. 5. Principle of timing walk compensation based on measurements of

pulse width and the time interval A trjge.

APD. Assume, for example, that the linear range of the tran-
simpedance pre-amplifier is 1 V. With a typical transimpedance
of 10 kOhms, for example, the maximum signal current giving
a linear response is ~ 100 uA. For signal currents exceeding
this limit, the pre-amplifier clips and the amplitude of the
channel output is saturated. As a consequence, the measured
pulse width increases well beyond the pulse width of the
input, due to the integration of the extra charge into the input
capacitor of the receiver. Although the measured pulse width
could in principle still be used for timing walk compensation,
this would be somewhat questionable, since the widening of
the pulse is typically not a well-controlled phenomenon [13].
The pulse width in the saturation region depends mostly on the
input circuitry of the pre-amplifier, e.g., on the operation of the
protection diodes D1 and D2 and on the capacitances of the
input (RC time constants), and thus the achieving of accurate
compensation under varying operation conditions would be a
somewhat challenging task as is shown in Section IV. So,
although this principle works well within the linear range of

the receiver, as has been shown in nuclear physics experiments
with limited dynamic range, e.g., in [14], [15], for signals
exceeding the linear range of the receiver (~ 100 uxA...10
mA) it may not be the optimal method.

In the receiver channel proposed here another timing com-
parator, Comp_risetime, with a higher threshold, V;, v, is used
to produce an additional stop signal, stop3. It is now possible
to measure not only the pulse width (as in [13]) but also its
rise time or, in fact, the time interval taken for the pulse to
go from the lower threshold to the upper threshold (At,se).
At,ise can be measured even after the signal amplitude exceeds
the linear range of the preamplifier. It is important to note
that this time interval is measured from the linear part of
the pulse (even when the pulse is eventually clipped in the
receiver) and thus the somewhat unpredictable input saturation
effects do not affect its value. For practical reasons, in order
to have a wider variation in the measured rise time and thus
to relax the accuracy required from the TDC, the output from
the pre-amplifier is conducted to the timing comparator using
the upper threshold. In addition, to compensate for the delay
in the post-amplifier Aj, a resistive attenuator (1/Aj) and
a similar post-amplifier are connected in between the pre-
amplifier and the timing comparator. In conclusion, timing
walk error compensation can now be accurately and repeatably
achieved within the whole dynamic range of the input signal
(i.e., 1:10000). It should also be noted, that while this rise
time-based compensation overcomes the saturation problem,
it is not in itself an optimum timing discrimination method,
since it also requires that the pulse should exceed the upper
threshold. Thus, from the maximum sensitivity point of view
a combination of the techniques (pulse width and rise time
measurement) should be used, as also shown in Fig. 5.

III. RECEIVER CHANNEL

A simplified block diagram of the receiver channel is shown
in Fig. 4. Fully differential structures have been used at all



stages to reduce the effect of disturbances in the receiver
channel. The optical input pulse is first converted to a current
signal in an external photodetector, which is typically an
avalanche photodiode (APD) in TOF applications. After that,
the current signal is converted and amplified to a voltage pulse
in a transimpedance-type pre-amplifier and further amplified
in the post-amplifiers. Finally the timing marks (stopl, stop2
and stop3) are discriminated by means of two parallel com-
parators, Comp_width and Comp_risetime. The multi-channel
TDC [16] has separate channels for measuring simultaneously
from a single pulse the time intervals stopl-start (used to
calculate the distance from the target), stop2-start (used to
calculate the pulse width (stop2-stopl) for timing walk com-
pensation) and stop3-start (used to calculate the rise time of
the pulse (stop3-stopl) for timing walk compensation).

A laser pulse of the shape used in this paper, as shown
in Fig. 3, has a rise time of about 1.5 ns. Preserving the pulse
shape before timing discrimination in the receiver channel will
minimize the timing jitter at the threshold and thus give a high
timing precision, as is discussed in more detail under Measure-
ment Results in Section IV. The required bandwidth (BW) of
~ 230 MHz for the receiver channel to preserve its rise time
can be approximated by [10], [17]

0.35
BW ~ ) ey
Iy
where #. is the rise time of the pulse. On the other hand,
increasing the bandwidth beyond that given in (1) would
increase the noise without any significant decrease in the rise
time of the timing signal, thus impairing the precision.

A. Front end Design Principles

The front end often limits the performance of the whole
receiver channel, and designing the front end can also involve
partly conflicting requirements, such as low noise, wide band-
width and wide dynamic range. For measuring distances from
non-cooperative targets and distances of up to several tens
of meters the photodetector in pulsed TOF applications is
typically an APD rather than a p-i-n photodiode (responsivity
~0.5 A/W). The reason is the higher responsivity of the
APD (~50 A/W) due to its high internal gain. One important
parameter of the pulsed TOF laser radar receiver which affects
the design of the front end is the high capacitance of the
avalanche photodiode (Cyg~1.5 pF), which results from the
large active area needed on account of the large dimensions
of a high power laser diode (active stripe typically around
150 um). In addition, the front end is greatly affected by
input parasitics such as bonding wires, external packaged
components, I/O protection structures, stray capacitances, the
capacitances of the input transistors of the pre-amplifier etc.
In the CMOS process used here, for example, the parasitic
capacitance due to the analogue input PAD is ~1.3 pF. As a
result, the total input capacitance (C;,7) was approximated
to be ~3 pF as shown in the input simulation model of the
receiver in Fig. 4.

The transimpedance pre-amplifier shown at the front end of
the receiver channel in Fig. 4 includes a core amplifier and
feedback resistors. Due to the large input capacitance (Cinr)

the dominant pole is located at the input to the receiver
channel. The transfer function of the pre-amplifier, assuming
a wideband core amplifier, can be approximated as [18]

Ry
R_fh'C[nT
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where Ryp, Ao and Cj,7 are the feedback resistance, DC gain

of the core amplifier and total input capacitance, respectively.

The pole frequency of this transfer function should be high

enough to preserve pulse edges of 1-2 ns.

The dominant noise sources in the pre-amplifier are the
feedback resistors and the equivalent voltage noise of the
input transistor. The equivalent input-referred noise voltage
generator u,7 of the core amplifier is often the dominant noise
source when the input capacitance at the input node is large.
As a result, the equivalent spectral input current noise can be
approximated as
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where g, is the transconductance of the input transistor of the
core pre-amplifier. Other noise parameters such as 1/f noise
can be neglected due to the high bandwidth, while the noise
arising from the resistive gate and substrate can be minimized
by layout techniques.

The first term of (3) represents the thermal noise of the
feedback transistor, which is white noise and can be minimized
by increasing the feedback resistance. It should be noted,
however, that a higher R 7, will result in a lower bandwidth (2).
In this design, Ry, was set at 5 k€, and the reduction in
the receiver bandwidth was compensated for by increasing
A, in (2). The resulting effective transimpedance of the pre-
amplifier will be 2* R s,.

The second term in (3) represents the equivalent noise
voltage of the input transistor. As can be seen from (3) there is
a zero in the second term of the transfer function which causes
the gain to peak at high frequencies, starting from a corner
frequency of 1/(2m RspCinr). To minimize the noise, the
transconductance (g;,) of the input transistors should also be
maximized by increasing W/L and the bias current. However,
increasing the W/L will also increase the input capacitance,
and consequently the noise, due to noise peaking. As discussed
in [19], there is in general an approximate optimum size for
the input transistor.

The total RMS noise at the input to the timing comparator
in a laser radar application will affect the precision and the
false alarm rate [6]. For this reason it is important to limit the
bandwidth of the core amplifier (within stability limits) and
the post-amplifier so that the noise will be attenuated at high
frequencies [18]. The core of the transimpedance pre-amplifier
is composed of a transconductance amplifier followed by a
transimpedance stage [20]-[22]. A schematic diagram of the
core amplifier is shown in Fig. 6.
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The purpose of the post-amplifier is to further amplify the
output pulse of the pre-amplifier to the timing comparator.
The desired minimum voltage swing (~10x RMS noise volt-
age (vnrms)) at the input timing comparator is about ~100 mV.
The post-amplifier is composed of a common source (CS)-
coupled differential pair with source degeneration resistors.
The total amplification (Atot) of the post-amplifier is ~10, and
the optimum number of gain stages (V) to achieve maximum
GBW extension can be calculated [23] as N = 2*In(Aror).
Three gain stages were used in the post-amplifier here, as
shown in the schematic diagram in Fig. 7. A multi-stage, and
thus also multi-pole, solution will also filter out high frequency
noise more effectively. The resulting total transimpedance gain
of the amplifier channel is ~100 kQ.

A leading edge timing detection method is used after the
post-amplifier. This will produce a systematic, amplitude-
dependent timing walk error [24], as shown in Fig. 5. The
total timing walk error can be divided into two parts: the
geometrical error (#g), which is generated due to the finite
rise time of the laser pulse (and occurs even in an ideal
receiver channel), and the walk error (tg¢), which results from
the electronic delay differences experienced by the small and
large signals in the receiver channel [24], [25], the smallest
signals being delayed more in proportion to the equivalent
time constant (RC.; = 1/(2z*BW)). To be more specific,
the total timing walk error (t, + tgc) is approximately ~2.5

ns when the receiver channel bandwidth is ~230 MHz and the
pulse rise time is ~1.5 ns, although this is compensated for
by means of the proposed time domain compensation scheme.

B. Timing Comparator

The compensation principle based on pulse width and rise
time measurement employed here requires two parallel timing
comparators (Comp_width, Comp_risetime) each with its own
threshold voltage (V;;,_r and Vy;,_r7), as shown in Fig. 4. These
timing comparators, shown in Fig. 8, consist of a resistive
network for generating the thresholds, five voltage gain stages
and finally a CMOS level shifter (not shown in Fig. 8)
which produces timing stop signals for the TDC. The resistive
networks are driven by two separate on-chip 6-bit digital-to-
analogue converters (DACs) and the reference voltages are set
by adjusting the currents Ipac_r and Ipac_y. The timing
comparators operate in a non-clocked configuration. Several
low voltage swings, i.e., wideband gain stages, are used to
maximize the gain-bandwidth product [18]. As a result, the
timing walk error that is generated in the timing comparator
is negligible compared with that generated at the front end.

IV. MEASUREMENT RESULTS
A. Measurement Environment

A block diagram of the receiver channel with I/O pads is
shown in Fig. 9. The channel is programmed by means of a SPI
bus which controls the Serial-In Parallel-Out (SIPO) register.
The bias circuitry in the receiver IC includes a SIPO register,
biases (constant gm and zero temperature coefficient (TC)
current generator) and control blocks. The threshold volt-
ages of the comparators (Comp_width and Comp_risetime)
can be adjusted in a range of 0-173 mV (Vi 1) and
0-917 mV (V;;_u), respectively, and the receiver channel
also includes threshold readout circuitry, so that V;; 1 and
Vin_v can also be measured separately. An analogue output
buffer (OB) is used to examine the shape of the analogue
timing pulse at the input to the timing comparator, and to
measure the RMS noise voltage and bandwidth of the receiver
channel. To increase testability, the various blocks (front-
end, analogue output buffer, comparators) can be enabled or
disabled separately in the receiver channel. In the default state
the front end and the comparators are enabled and the analogue
output buffer is disabled.

A photograph of the receiver channel, including front-
end (pre-amplifier, attenuator, post-amplifiers), bias circuitry
and two parallel timing comparators (Comp_width and
Comp_risetime) and fabricated in a standard 0.35 gm CMOS
technology is shown in Fig. 10. The cells are laid out symmet-
rically and placed in straight rows to maximize the distance
between the sensitive front-end and the noisy digital output.
Shielding guard rings are used around sensitive parts such
as the analogue front end and disturbing parts such as the
timing comparator and digital output. In addition, one I/O pad
is used as a ground ring to shield the bias, the analogue front-
end and the timing comparators. The size of the layout of
the receiver channel, including the pad ring, is approximately
2000 gm x 2000 um, and the whole block was enclosed in
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a QFN36 package. Separate power supplies are used for the
different IC blocks. The power consumption of the receiver
chip is about 180 mW from a 3.3-V supply. Measurements
were made on two packaged receiver circuits.

The measurement setup is shown in Fig. 11. The receiver
channel and 10-channel TDC were controlled using an Opal
Kelly XEM6001 FPGA board. A multi-channel TDC [16],
needed to measure the timing marks stopl, stop2 and stop3
accurately and simultaneously from the same pulse, is enclosed
in a plastic QFN48 package. The LSB resolution of the TDC
is about ~10 ps and its power consumption is ~150 mW
with a 3.3 V power supply. The TDC was fabricated in a
standard 0.35 um CMOS process, so that in principle the
receiver channel and time interval measurement unit could
be fabricated on the same integrated chip. For the moment,
however, a separate TDC chip was placed next to the receiver
chip on the measurement PCB.

In the measurement setup in Fig. 11 the optical pulses were
generated with a laser diode (PerkinElmer PGAY1S06) and
were transmitted with a full width at half maximum (FWHM)
of ~3 ns, as shown in Fig. 3. The optical pulse amplitude
seen by the receiver was varied with a variable optical neutral
density filter. This emulated the intensity of the received
optical echo in a real application, which is due to variations in
the reflectivity, orientation and distance of the target. An APD
(AD230-8 TO52S1 from the First Sensor) with an active area
of 230 um was biased with a voltage of (~140 V) so that its
internal gain was set at about 100. As a result, the responsivity
of the photodetector was about 35 A/W at the used laser
wavelength of 905 nm.

An example of a measured analogue pulse is shown
in Fig. 12(a)) where the pulse was measured after the post-
amplifier. The comparator threshold voltage V;;, 1 used is also
shown in Fig. 12(a)). As can be seen from the analogue buffer



Fig. 10. Photograph of the receiver for a pulsed TOF rangefinder.
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pulse response, there is seen some ringing on the pulse at a
frequency of ~200 MHz due to feedback from the analogue
output buffer to the input of the receiver channel. The digital
output of the receiver channel was examined simultaneously
(stopl), as shown in Fig. 12(b)). The dashed line shows the
digital response of the analogue pulse shown in Fig. 12(a))
when the analogue output buffer is enabled. In addition, the
solid line in Fig. 12(b)) shows the digital output of the
comparator when the analogue output buffer is disabled. It is
clearly seen from the response of the comparator that disabling
of analogue output buffer also interrupts the feedback between
the analogue output and the input to the receiver channel.
It should be noted that the analogue output buffer is always
disabled in the default measurement state.
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Fig. 13.  Analogue timing pulses at the output of the amplifier channel,
SNR ~ 7 (20 simulated pulses superimposed in Cadence transient noise
simulations).

B. Measurements of the Noise, Bandwidth and
Transimpedance of the Receiver Channel

The signal-to-noise ratio affects not only the reliability of
the distance measurement (false alarm rate) but also the timing
jitter. A pulsed TOF laser radar typically possesses four noise
contributors: shot noise from the background illumination,
noise due to the dark current in the APD, shot noise from the
signal current, and finally, noise from the receiver electronics.
Of these the noise due to the background illumination is usu-
ally low because of the possibility for using optical filtering,
and the noise due to the dark current in the APD is negligible.
Thus at a low signal level, the dominant noise is typically that
due to the receiver electronics.

Random variation in the signal defines the statistical error at
any given timing point due to noise, as illustrated in Fig. 13.



The timing jitter can be approximated with the triangle
rule [26]
— %

%U (f)t=tp

where o, is the standard deviation of the jitter at the timing
point, g, is the standard deviation of the receiver noise and
v(t) is the signal at the input to the timing comparator. The
noise due to the receiver electronics was measured through
the jitter measurement, which is a highly important parameter
in laser ranging, since it defines the precision of the system.
Noise could also be measured from the analogue output, but
this was now disturbed by the coupling between the analogue
output and the input to the receiver. Instead, by measuring
the timing jitter of single-shot measurements at a specific
threshold, Vi, 1 (70 mV), the RMS noise voltage of the
receiver electronics can be calculated based on the known
slew-rate of the timing pulse. To minimize the effect on the
noise measurement of the shot noise due to the signal current
from the APD, the internal gain of the APD was lowered
by biasing the APD to 90 V. The slew rate was measured
by setting two separate threshold voltages Vi, 1 (55 mV
and 75 mV) for the comparator Comp_width and measuring
the timing moments of the stopl signals with respect to the
thresholds. As a result a slew rate of 62 V/us (d/dt ( v (t)) was
calculated for the timing point at a threshold voltage of 70 mV.
Using equation (4), the measured timing jitter o, of ~155 ps
gives an RMS noise voltage g, of ~10 mV for the receiver
electronics.

The resulting RMS noise voltage of 10 mV means that the
threshold voltage V;;, 1 of 70 mV used here corresponds to
an SNR level of ~7. The effect of the measured noise at the
input to the timing comparator on the precision of the receiver
is presented in more detail in section E below.

The 3-dB bandwidth and transimpedance of the receiver
channel were measured to be 230 MHz and ~ 100 kQ,
respectively, and thus the input-referred noise current of the
receiver is ~100 nA when measured with the above APD
detector.

“)

C. Timing Walk Error, Walk Compensation and Accuracy of
the Receiver

The timing walk error measurements were performed using
the measurement test bench shown in Fig. 11. The lower
threshold voltage (V;;,_1,) for the Comp_width comparator was
set to ~70 mV (SNR ~7) based on the noise measurements.
The upper threshold voltage (V;, ) for the Comp_risetime
comparator was set to ~900 mV, which corresponds to the
upper edge of the linear range of the preamplifier. The time
intervals between the electrical start signal and the three timing
marks stopl, stop2 and stop3 were received from the receiver
channel and measured using the multi-channel TDC. The time
interval start-stopl was used to calculate an estimate for the
distance from the target, and the time intervals stop3-stopl
(pulse rise time) and stop2-stopl (pulse width) were used to
compensate for the timing walk error. An electrical start was
used in the timing walk error measurements and the amplitude
of the input optical pulse (optical “intensity”’) was swept over a
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Fig. 14. Timing walk error without compensation.
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Fig. 15. Measured pulse width as a function of input amplitude.

range of ~1:100000 with a neutral density filter. Ten thousand
measurements were performed for each amplitude to achieve
adequate statistical reliability.

The uncompensated timing walk error (change in the tim-
ing moment at the lower threshold value V;; ; (stopl) due
to the varying input amplitude) within the amplitude range
~1:100000 is shown in Fig. 14. The timing walk error that is
generated for the measured time interval (stop1-start) (distance
result) is about 2.5 ns, corresponding to a distance of 40 cm.

The pulse width (stop2-stopl) and the time interval Afyige
(stop3-stopl) are important parameters as regards timing walk
compensation. The behavior of the measured pulse width
is shown in Fig. 15 as a function of the input amplitude
within the dynamic region ~1:100000. The minimum signal
current of ~1 wA corresponds approximately to an SNR
of 10. As can be seen from Fig. 15, the pulse width increases
monotonously throughout the measured dynamic range, and
also in the amplitude range above the linear range of the
receiver channel. As a result, pulse width compensation can
in principle be used for timing walk error compensation at
any input amplitude. Correspondingly, the behavior of the
time interval At,is. (stop3-stopl) is shown as a function of
the input amplitude in Fig. 16 within a dynamic range of
~100:100000. Compensation based on measurement of the
time interval At,;s. begins when the upper threshold voltage
Vin_u is exceeded, which corresponds to an input signal level
of ~ 100 uA, as can be seen in Fig. 16.

Timing walk error compensation curves can be constructed
from the timing walk error measurements and the mea-
sured pulse widths (stop2-stopl) in a range of ~1:100000,
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and also the time interval At (stop3-stopl) in the range
~100:100000. The measured timing walk as a function of
measured pulse width (stop2-stopl) (Walk_vs_Width), over
a dynamic range of ~1:100000 containing 80 measure-
ment points throughout the whole amplitude range is shown
in Fig. 17, while the behavior of the measured timing
walk error as a function of the measured time interval
Atrise (stop3-stopl) (Walk_vs_Risetime) within the dynamic
range ~100:100000 containing 46 amplitude points is shown
in Fig. 18. Linear interpolations were used in both cases to
achieve continuous compensation curves. The Walk_vs_Width
and Walk_vs_Risetime compensation curves were stored in
look up tables (LUTs) and compensation was carried out by
means of these tables.

The performance of the timing walk error compensation
scheme presented here was verified by measuring the residual
timing walk errors of 46 amplitude points over the dynamic
range of the receiver. The uncompensated walk error was first
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Fig. 19. Compensated timing walk errors.

measured and then compensated for by means of the curves
from the look up tables. The solid line in Fig. 19 represents
the residual timing walk error when compensation was based
on the Walk_vs_Width compensation curve. As mentioned
earlier, Walk_vs_Width compensation can be used through-
out the measured dynamic range as the pulse width widens
monotonously. Measured rise time information (stop3-stopl)
is available above the input signal level of ~100 uA. The
dashed line in Fig. 19 represents the residual walk error when
the Walk_vs_Risetime compensation curve was used. As can
be seen, the residual walk error for signals exceeding the linear
range of the receiver channel (~1:100) is independent of the
compensation principle used. The residual timing walk error
shown in Fig. 19 is less than +25 ps (corresponding to a
distance of £4 mm) over the dynamic range ~1:100000.
The reason for a non-zero timing walk error lies partly in the
quantization noise that is generated in the compensated results
when compensation curves are used. The residual walk error
result is also dependent on how many points have been used
to extrapolate the compensation curves. At a very high input
current level, saturation of the rise time, as seen in Fig. 16,
causes a “tail” to appear in the compensated results in Fig. 19.

D. Temperature Drift

Timing walk measurements were performed over a temper-
ature range of -18 °C to +52 °C. In the measurement setup
in Fig. 11 PCBI, which was placed in a thermal cabinet,
included a receiver chip, a TDC chip and an avalanche pho-
todiode. Uncompensated timing walk errors were measured
first by sweeping the amplitude over the dynamic range
of ~1:100000 and measuring the time interval (start-stopl)
at three temperatures (-18 °C, 22 °C and 52 °C). Only
Walk_vs_Width and Walk_vs_Risetime compensation curves
measured at 22 °C were used for timing walk compensation
at all three measurement temperatures, however.

In the temperature measurements the upper thresh-
old (V;n_r) was set at ~0.5 V. The reason for keeping V;;, 7 at
a lower level than the nominal linear range of the preamplifier
is that the maximum swing at the output also varies (due to
the constant gm biasing of pre-amplifier and post-amplifier).
To be sure that rise time information was available for the
timing walk compensation at every measurement temperature,
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the Walk_vs_Risetime compensation curve was re-measured
at this Vi,_y value.

The residual walk errors over the dynamic range ~1:100000
are shown in Fig. 20 at three temperatures. The solid lines
show the compensated timing results when the Walk_vs_Width
compensation method was used throughout the dynamic range,
and correspondingly, the dashed lines denote the results when
the timing walk was compensated for on the basis of rise time
measurements. As can be seen from Fig. 20, when the walk
compensation was based on pulse width measurement over the
whole input amplitude range, the maximum residual timing
error due to temperature variation was about +140 ps. It can
also be seen, however, that compensation based on rise time
measurements (stop3-stopl) gives significantly better results
once the signal has exceeded the upper threshold voltage (input
current amplitude of ~ 100 xA) (dashed lines in Fig. 20).

The reason for this behavior is that after the linear range
is exceeded and the signal is saturated in the receiver channel
the measured pulse width behavior becomes more temperature-
dependent (due to the receiver input parameters, for example).
This is seen in Fig. 20 as an increase in the timing error of the
compensated results above the input signal range of ~ 100 A
when pulse width compensation was used.

As a result the optimum method as far as walk compensation
is concerned, when the measurement temperature varies is to
use compensation based on the pulse width measurements over
the linear range of the receiver channel and walk compensation
based on rise time measurements above that range. When this
is done, the maximum temperature dependence of the walk
error will be about £65 ps (£1 cm) over the whole dynamic
region, as shown in Fig. 20.

E. Single-Shot Precision

The single-shot precision of the receiver channel is deter-
mined by the noise affecting the detection thresholds at the
timing point and the precision of the TDC. In principle, the
precision should improve as the input signal level is increased,
but the timing jitter is also affected by the timing walk
compensation used, as will be shown next.

The timing jitter of the timing mark stopl was measured
by repeating 10000 single-shot measurements at specific
amplitudes and calculating the standard deviations of the
time interval (start-stopl) measurements. The measured timing
jitters (standard deviation, o-value) for the rising edge (lower
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Fig. 21.  Single-shot precision of the receiver.
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threshold, V;, 1) are shown as a function of input amplitude
by the solid line in Fig. 21.

After the single-shot measurement, each of the individual
results was adjusted by means of the compensation curves
shown in Figs. 17 and 18, which were measured during
calibration. In the amplitude range below ~ 100 @A, the
Walk_vs_Width compensation curve (shown in Fig. 17) was
used to correct the timing walk errors, while in the signal
range above ~ 100 uA compensation was based on the
Walk_vs_Risetime curve (shown in Fig. 18). Standard devi-
ations for the “corrected” single-shot results were calculated
from their distributions and plotted in Fig. 21.

The single-shot precision of the whole receiver, including
the jitter of the TDC (¢ ~ 10 ps), jitter of the laser
pulser, jitter induced by the compensation and the jitter of
the receiver channel, was about 175 ps (26 mm in distance)
at an SNR level of 13. As can be seen from Fig. 21, the
standard deviation of the compensated single-shot results is
better than the jitter of the rising edge at low input signal
levels [13], [27]. The best single shot precision achieved was
approximately 20 ps at an SNR level of 1300, being limited
by the measurement environment, compensation principle and
the TDC. It should be noted, however, that the saturation
of the rise time (stop3-stopl) shown in Fig. 18 will affect
the single-shot precision of the rise time-compensated result
at a very high input signal level (>3 mA). This is seen as
an increase in the timing jitter of the compensated single-



PERFORMANCE COMPARISON OF RECENTLY PUBLISHED RECEIVERS

TABLE I

This work [13] [28] [29] [30] [31]
SiGe
Technology 0 3?1\:11108 BiCMOS 0 1§l\ianS 0 lgll\;anS 0 3?\?1103 discrete
35u 0.35um 13u 13p 35u

Bandwidth 230 MHz ~230 MHz 640 MHz 300 MHz 140 MHz 6 MHz
Type differential differential single end differential single end NA
Input-referred current noise ~100 nA ~ 50nA 120 nA 100 nA 19nA * NA
Gain control not needed not needed yes not needed yes not needed
Dynamic range >1:100,000 1:100,000 1:1600 1:10,000 1:12,000 1: 80

Accuracy @ 22°C +4 mm +2.5 mm NA +5.5 mm + 210 mm +3 mm
Temp range -20 to +50 °C -10 to +50 °C -10 to +60 °C -10 to +70 °C -40 to +80 °C NA

+ 210mm to
Temp dependence + 10 mm + 18mm NA +22 mm £ 240mm NA
.. 26 mm 18 mm 38 mm 29 mm
Precision @SNR= 13 @SNR= 10 NA @ SNR=20 NA @SNR=7
| (*) integrating mode, with 5 ns staircase pulse

shot measurement results in Fig. 21 due to the quantization
error in the rise time measurement and the steepness of
the Walk_vs_Risetime compensation curve. The distributions
of the timing walk-compensated 10000 single-shot measure-
ments of three input signal levels corresponding to SNR levels
of 13 (solid line), 1300 (dashed line), and 13 000 (dotted line)
are shown in Fig. 22. The increased timing jitter at an SNR
level of ~13 000 attributable to the reasons explained above is
seen in Fig. 22 as a wider compensated hit distribution with
quantization “spikes”.

V. CONCLUSIONS

An integrated 0.35 gm CMOS receiver channel for use in a
micromodule-type pulsed time-of-flight laser rangefinder for a
variety of sensor applications has been proposed, implemented
and tested. A leading edge timing discriminator is used in
the receiver channel, and the resulting timing walk error
is compensated for by using a multi-channel time-to-digital
converter to measure the rise time and the width of the received
pulse and by exploiting the known relationship between these
parameters and the timing walk error.

The use of time domain walk compensation enabled an
accuracy of 4 mm (at constant temperature) to be achieved
over a dynamic range of ~1: 100000. The single-shot pre-
cision (standard deviation, o-value) was 26 mm at a signal
level of SNR =13. The measured temperature dependence of
the measurement accuracy was ~=£1 cm over the temperature
range of -20 °C to +50 °C.

The time domain timing discrimination principle is interest-
ing, especially since the narrow linear range of modern sub-
micrometer IC technologies does not restrict the measurable
dynamic range and automatic gain control structures are
avoided. Moreover, the receiver channel and multi-channel
time-to-digital converter realized here represent the same non-
aggressive CMOS technology. As a result, they can in principle
be integrated on the same chip.

The performance of the proposed receiver is summarized
and compared with figures presented in other recently pub-
lished works in this field in Table I [13], [28]-[31]. Compared
to the CMOS designs, the presented receiver utilizing the

pulse width/rise time timing walk error compensation method
achieves the widest dynamic range with the lowest timing
error. The BiCMOS receiver of [13] has comparable perfor-
mance in nominal conditions but its error is almost twice larger
within a narrower temperature range.

Moreover, since the timing walk error in this CMOS receiver
is based on the measurement of the rise of the detected pulse
at amplitudes exceeding the linear range of the receiver (and
not on the measured pulse width in the saturation region), the
sensitivity of the compensation is reduced to the environmental
conditions (e.g., the stray capacitances of the input circuitry)
of the receiver.
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