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Abstract—A laser radar receiver channel targeted at pulsed
time-of-flight laser radar applications using 5ns...20ns laser
pulses at the 1550nm wavelength region has been designed.
The receiver includes a transimpedance preamplifier, post-
amplifiers and analog output buffer and has a bandwidth
of 15MHz and input reduced total equivalent current noise
of ~3nArms without the contribution of the APD noise. The
receiver supports both the single shot and transient recording
operation modes. By utilizing the time domain compensa-
tion methods, the single shot timing walk is at the level
of +/—100ps within a wide dynamic range of 1: 36 000 of
the received echo amplitudes. It is demonstrated that the
designed receiver allows the pulsed time-of-flight measure-
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ment in the single shot mode to non-cooperative targets up to distances of several hundreds of meters with a laser pulse

power of 4 W and receiver aperture of 20mm.

Index Terms— Laser radar, lidar, optical receiver, timing discrimination.

I. INTRODUCTION

ASER radars are used widely in a variety of distance
measurement applications. The advantage of a radar
working at optical wavelengths is good spatial resolution,
which is due to the easy collimation of optical beams with
appropriate optics. As is well-known, collimation of the
beam is much more challenging at radio frequencies, due to
the much longer wavelength of the electromagnetic signal.
In applications requiring high measurement speed, e.g. in the
ms range, and long distances (>100m), pulsed time-of-flight
(TOF) laser range finding techniques are typically used. These
techniques are based on measurement of the flight time of a
short laser pulse to the target and back to the receiver. With
ns-range pulses a relatively high precision of a few cm can be
achieved even with a single laser shot [1]-[5].
Techniques based on single photon detector receivers
have attracted much attention recently, especially in pulsed
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time-of-flight lidar projects aimed at developing solid-state
2-D or 3-D range imaging devices [6]-[10]. Autonomous,
driverless cars are one example of an application that obvi-
ously calls for mid or long-range high-speed environment-
sensing techniques, and other potential applications of
growing importance are robotics (environment perception)
and autonomous or semiautonomous control of machines
(excavators, bulldozers etc.) and small vehicle guidance
(e.g. Unmanned Aerial Vehicles (UAVs)). Single-photon
detectors (SPADs) can be realized in standard CMOS tech-
nologies together with other necessary electronics, i.e. time-
to-digital converters (TDCs), even as dense arrays [11]. These
are sensitive and require virtually no analogue amplifiers,
so that in principle high system level integration is possible.
On the other hand, a digital breakdown-based SPAD detector
cannot distinguish between a random photon produced by the
background illumination and a signal photon from the target.
Thus, in applications where the background illumination level
is high, e.g. out of doors, the random background will radically
lower the signal-to-noise level of the measurement and may
even block the receiver on account of the finite dead-time of
the detector [12], [10], [13], [4]. This places serious limitations
on these techniques in the rapidly widening application field
of 3D range imaging.

For a pulsed TOF lidar receiver based on linear opti-
cal detection techniques, i.e. using an avalanche photon
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Fig. 1. Block diagram of a typical pulsed time-of-flight laser radar.

detector (APD) and a sensitive analogue receiver channel,
the background illumination is just one of the noise sources
among many others, and thus its effect on the receiver per-
formance is typically less severe. For this reason, a pulsed
TOF lidar that uses a linear receiver and a micro-mechanical
scanner, for example, to enhance the per-pulse sensitivity is
an interesting alternative approach for 3-D range imaging.
A solid-state focal plane scanning architecture is also possible
in principle, but it suffers from the limited availability of dense
linear mode 2-D detector arrays, and also from sensitivity
issues [14].

In linear mode pulsed, TOF lidars, short laser pulses of
length 3...5ns are typically used, see Fig. 1 for a typical
block diagram of pulsed time-of-flight laser radar. The receiver
channel bandwidth is often in the 100MHz...200MHz range
in order to preserve the pulse shape in the detection and to
allow high timing accuracy within a wide dynamic range of
echo pulse amplitudes [15]-[18]. It is well known from the
theory of optical communications, however, that the bandwidth
maximizing the signal-to-noise ratio (SNR) in the detection
for pulses of this kind is achieved with a much lower band-
width [19], [20]. In optical telecommunications the lowering of
the bandwidth is subject to a trade-off with the resulting inter-
symbol interference (ISI) [21], [22], but in laser radars the ISI
is not an issue due to the much lower pulsing rate, typically
10kHz...1MHz. The need to be able to detect multiple echoes
and reduce the timing walk error may still favour the use of
short laser pulses and a higher bandwidth, but if distances
of several hundreds of metres to non-cooperative targets are
aimed at with laser diodes having a pulse power in the 10W
region, the receiver sensitivity should be optimized from the
SNR point-of-view, as discussed in detail in later sections. The
resulting larger intrinsic timing walk error can be minimized
by measuring the time parameters (pulse width and/or rise
time) from the detected echo pulse, as recently suggested
in [17], [23]-[25], for example.

This paper presents a design for a CMOS laser radar
receiver channel which is optimized in terms of high sen-
sitivity. The optimization is based on using a relatively
low receiver bandwidth (~15MHz) compared to conventional
designs (~150MHz). In order to avoid the deterioration of
the timing accuracy due to the lower bandwidth, time-domain
timing walk error compensation techniques are used. In par-
ticular, the width of the received laser pulse and the rise time
of its leading edge between two present threshold levels are
also measured simultaneously with the time position of the
received laser echo pulse with respect to the start pulse (i.e. the

triggering of the laser diode transmitter). These measurements
allow one to estimate the timing walk error and compensate
it for accordingly within a wide dynamic range of input echo
amplitudes, as is experimentally demonstrated.

The receiver channel is intended for use with laser pulses
within the width range of ~5ns...20ns, so that it can be used
with many kinds of pulsed laser sources, e.g. with laser diode
and solid-state laser-based transmitters. In addition to the use
of time-domain timing walk error compensation techniques,
another distinct feature of the receiver developed here is that
it can work in dual modes: a high-SNR mode in which the
receiver allows single shot detection of echo pulses exceeding
the present threshold and the direct measurement of the time
interval between the emitted laser shot and the received echo
pulse, and a low-SNR mode in which the output of the receiver
can be continuously sampled with a comparator. The averaging
of successively recorded output transients allows for echo
pulse detection even with a signal-to-noise ratio (SNR) of
<1, albeit at the cost of increased measurement time. The
present receiver channel is characterized by the use of a
4W laser diode transmitter working at the eye-safe 1550nm
wavelength region and achieves a single-shot measurement
range of several hundred metres to non-cooperative targets
with a ~20mm receiver aperture, which makes it interesting
for autonomous driving applications, for example.

This paper continues by setting out the operation principle
and a brief analysis of the SNR and other relevant perfor-
mance parameters achievable in a pulsed time-of-flight laser
radar working in the approx. 1550nm wavelength region in
Section 2. The design principles of the receiver channel devel-
oped here are then described in Section 3, and Section 4 gives
details of the circuit blocks of the receiver chip and the results
of a characterization of the chip, together with some system-
level results. Finally, the conclusions and a summary of the
work are presented in Section 5.

Il. LASER RADAR RECEIVER PERFORMANCE

A. The Signal-to-Noise Ratio in Laser Ranging

Assuming a non-cooperative (Lambertian) target, the current
signal produced by the optical detector (here an avalanche
photo diode, APD) as a function of the distance can be
calculated using the well-known radar equation (1). Vignetting
has been neglected in this case since we are mainly interested
in the SNR at long distances (i.e. at the limit of the sensitivity
of the device), where vignetting is not important [27]. It is also
assumed that the target completely fills the transmitter beam.

iapp(R) = Mupp - is5ig(R)
_ P Topt Ptarzget < Avec Mapp - Rapp (1)
T -R

In this equation iapp(R) is the current produced by the
APD and the other parameters are as given in Table I. With
the typical system parameter values indicated in Table I and
using an avalanche detector as the optical receiver in a system
working in the wavelength of 1550nm, the signal current
from a distance (R) of 200m, for example, is ~30nA. This
means that the input-referred equivalent rms current noise of
the receiver should be only a few nanoamperes, in order to
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TABLE |
PARAMETERS OF THE LASER RADAR SYSTEM
Symbol Quantity Unit .
Gtime
Py lase Ise powe 10 W .
L T pulse power Onoise
Topt transmission of optics 0.5
Prargert target reflectivity 0.3 :
Arec receiver aperture 3.10" m’
Raro intrinsic responsivity of the APD 0.9 A/'W @1550nm )
detector T
Marp Gain of the APD 10

achieve the SNR of 5...10 which is needed for reliable single
shot detection of the laser pulse echo. This is a markedly
lower value than is typically available in wide-band receivers
(50...100nArms, as in [15], [17], and [25], for example),
and thus optimization of the receiver with respect to noise
is needed [26].

The noise in the detection process is produced by the
electronic noise of the receiver channel and the shot noise
of the dark current of the APD, the dc current induced by
the background radiation and the signal current, as indicated
in (2)

) -
Inoise.in = 2¢(RAPD - PBG + laark + Rapp - isig)

’M,%pD‘FM'BW—f‘iz

eqon,amp*

)

In this equation ipeise.in 1S the total input current noise at the
input to the receiver channel, e the charge of the electron, Ppg
the background radiation power falling on the detective surface
of the APD, I,k the primary dark current of the APD, Mapp
the gain in the APD, Fy the excess noise factor of the APD
due to statistical fluctuation in the avalanche gain process and
BW the noise bandwidth of the receiver channel. The term
inoise,in indicates the input-referred equivalent current noise of
the receiver channel. The value of this noise depends on the
total input capacitance and design details of the preamplifier,
and also on the bandwidth of the receiver [20].

Due to the excess noise factor Fyp (~M¥*, x~0.5), the gain
in the APD typically has an optimum value at which the SNR
(the ratio of the peak value of the signal current to the total rms
noise current, iApp/inoise.in) 1S at its maximum. This operation
point is achieved when the total of the other noise sources is
approximately equal to the noise of the receiver electronics.

B. Timing Jitter and Timing Walk Error

The minimum SNR limits the sensitivity of detection, i.e.
the probability of detection and the false alarm triggering rate,
as discussed in detail elsewhere, e.g. in [3]. This will also
affect the random timing jitter in the detection of the echo
pulse. Assuming that a constant threshold is used in the timing
detection, the jitter will be roughly proportional to the ratio
of the rise time of the echo pulse to the SNR, see Fig. 2
and (3) [2].

Onoise Irise

- dvsign/dt " SNR

3)

Otime

In Equation (3), ogime is the sigma value of the timing jitter,
Onoise 18 the sigma value of the voltage noise at the input to the

Fig. 2. Jitter of the timing pulse at the detection threshold level.
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Fig. 3. Timing walk error and its compensation using the measured
pulse width and/or rise time between two thresholds.

timing detector, and the denominator indicates the slew-rate of
the timing signal at the detection threshold. Thus, in principle,
the use of a wide bandwidth in the transmitter/receiver would
help to improve the timing jitter in the detection, but only
at the expense of lower sensitivity (and thus of a smaller
maximum range, for example). Consequently, if the rise time
of the timing pulse is ~1ns, the single shot timing jitter at an
SNR of 10 will be ~100ps, which corresponds to a distance
uncertainty of 1.5cm. It is important to note, however, that the
jitters of a low and a wide bandwidth receiver at the same
signal current level will not differ markedly, due to the fact
that although the rise time is longer with the low bandwidth
receiver, the SNR will be correspondingly higher.

Another important source of error is the systemic timing
walk error, which is induced due to the varying amplitude of
the received echo signal. The echo pulse amplitude depends on
the measurement distance and the orientation and reflectivity
of the target, see (1), and the variation in these may amount to
1:10 000...100 000 depending on the range and the reflection
properties of the objects. In traffic applications, for example,
a painted metal surface, e.g. that of a car, can in some cases
give a very strong mirror-like reflection, while in other cases
the same target can be covered in mud, resulting in a very low
reflection. With the typical leading-edge timing discrimination
based on a constant threshold level, see Fig. 3, this amplitude
variation will introduce a timing error which is proportional
to the slew-rate of the timing pulse. One part of this error is
produced simply by the geometrical variation in the timing
point, whereas part of it is produced due to variation in
the group delay in the receiver channel in response to the
varying slew-rate of the analogue timing signal [28], [29].



KURTTI et al.: LOW-NOISE AND WIDE DYNAMIC RANGE 15 MHz CMOS RECEIVER

22947

A typical value for the total timing walk error of a wide band
(~150MHz) laser radar receiver is ~2ns [23]. For a receiver
with lower bandwidth, e.g. for 15MHz, the intrinsic timing
walk error would be correspondingly larger, i.e. ~20ns.

As is seen in Fig. 3, timing pulses of higher amplitude
are also wider at the detection threshold, and thus it is
obviously possible to compensate for the timing walk error
by measuring the width of the timing pulse (and/or its rise
time) [17], [23], [25]. The use of this method typically
necessitates a separate calibration measurement in which the
relation between the measured time-domain parameter (e.g.
the width of the timing pulse) and the timing walk error is
determined.

Another technique for producing a timing mark with a low
timing error is to generate a bipolar signal from the unipolar
detector current pulse already at the input of the receiver
channel. The zero-crossing of this signal will in principle
not be dependent on the amplitude of the echo pulse. Thus,
by designing the receiver electronics so that they would rapidly
recover from the clipping mode that is inevitable for a signal
exceeding its linear range, a low timing error can in principle
be achieved over a wide dynamic range simply by using the
zero-crossing as the timing mark [18].

In nuclear electronics, constant fraction discrimination tech-
niques (CFD) are typically used to avoid the timing walk.
They work well however only within the linear range of the
signal and are thus not easily adapted to a laser radar receiver
where the linear dynamic range of the preamplifier is typically
~1:100 while the echo amplitude range to be covered is
typically >1: 10 000.

C. Sensitivity Optimization

Based on the above discussion, we know that for a success-
ful design of a receiver for a pulsed TOF laser radar it is impor-
tant to simultaneously optimize the sensitivity of the receiver,
i.e. maximize the SNR, and to achieve low enough timing walk
error within the dynamic range of the echo amplitudes. One
obvious possibility to increase the sensitivity of the receiver is
to increase the energy of the optical pulse (i.e. by increasing its
amplitude and length) and then reducing the f_34p bandwidth
of the receiver correspondingly to match the receiver with the
used laser pulse properties. As already discussed above, this
comes however only at the cost of increased intrinsic timing
walk error, which has to be compensated for. The typical
pulse/BW parameters used in pulsed TOF laser radars are
~3ns/~150MHz. In this work, the nominal laser pulse length
was however selected to be 10ns (in practise a laser pulse
with a length in the range of 5ns...20ns could well be used)
and the bandwidth of the receiver is optimized with regard
to this selection to maximize sensitivity of the receiver. The
increased intrinsic timing walk error is compensated for by
the combination of the time-domain compensation techniques
as suggested in Section II.B and demonstrated in more details
in the experimental part of the work (Section IV).

In this section, it is shown that for the selected laser pulse
length and APD parameters in the transimpedance pream-
plifier configuration there is an optimum bandwidth from
the maximum SNR point of view. The analysis is carried
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Fig. 4. A high-impedance receiver and its SNR as a function of the load
resistance, is,pr = 10nA (M = 10), Cyotq) = 3.5pF, Atpyige = 10ns. Only
the thermal noise of Rpaq is considered.

out by fixing the input capacitance (dominated typically by
the APD capacitance) and feedback resistance (close to the
transimpedance limit [30]) and using the gain App of the feed-
forward voltage amplifier as the means to set the bandwidth
of the receiver.

In optical receivers the current signal received from the
photo detector is usually converted to a voltage signal at
the input to the receiver. A straight-forward circuit technique
for doing this would be to use a high-impedance receiver
consisting of a resistor and a voltage mode amplifier chain.
This configuration is shown in Fig. 4. The input capacitance,
which is the total sum of the detector, preamplifier, bonding
and input pad together with stray capacitances, is also shown.
For pulsed TOF laser radars working at 1550nm, the high-
power pulse mode laser diodes typically have a relatively wide
active stripe width of ~100xm, which necessitates the use of
optical detectors with an active region width of the same size
or larger. Thus, the resulting input capacitance is typically of
the order of a few picofarads.

The load resistance Rjoaq in this configuration should obvi-
ously be as high as possible (integrating mode) in order to
achieve the maximum SNR. This SNR is nevertheless limited
by the kT/C noise which is a serious limitation at high
input capacitances. For example, assuming a rectangular laser
pulse length of 10ns and a total input capacitance of 3.5pF,
the maximum SNR according to (4) and the simulation in
Fig. 4 at a primary signal current of 10nA (M = 10) would
only be around 8, even when neglecting all other sources of
noise than the thermal noise of the load resistor. The SNR is
defined here as the ratio of the peak signal value over the rms
value of the noise signal.

is,pr 'M'Afpulxe .
Ciotal _ Ls,pr M - Atpulse

kT B VKT - Crotal

Crotal
10-1072-10-10-107°
= ~8 @
V4.05-10721.35.10-12

Let’s next consider the sensitivity that can be achieved with
the transimpedance amplifier configuration as shown in Fig. 5.
Assuming first for simplicity an infinite bandwidth for the
feed-forward voltage amplifier, the transimpedance can be

given as

SN Rmax =~

_be-Aop 1

X .
1+ A 1+ g
or (be . Ctotal/AOP)
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Ctotal

Fig. 5. The transimpedance configuration.

In Equation (5), Aop is the gain of the feed-forward voltage
amplifier and Ry, is feedback resistor. Since the transim-
pedance within the signal band is ~Ryg, and the bandwidth
is Aop/(RipCrotal), the SNR in the case in which Ry, noise
predominates can be approximated in the form

’Atpulse

LITR
isig - M - Rygp- | 1 —e%or i

\' AOP . kT/Ctotal

Again, the higher the resistance of the feedback resistor
Rgpis, the better is the SNR. The maximum value for this
resistance for a given bandwidth (BW) and device technology
as characterized by the unity current gain transition frequency
fr is set by the so-called “transimpedance limit”, according
to (7):

SNR(Aop) ~

(6)

Jr
2 b
27 - Crotal - f3d3

where fagp is the desired 3-dB bandwidth [30]. Assuming the
use of 0.354m CMOS technology, for which the fr for large
input transistors (W/L~3000) could well be ~1.2GHz, and
the intended bandwidth ~15MHz, Ry max can be evaluated to
be roughly 250kQ.

The SNR determined on the basis of (6) (in which Ry =
250kQ was used here) peaks at the open loop gain value of
Aop = 100 and amounts to ~50, which is markedly higher
than with a high-impedance front end. Thus, the optimum
bandwidth of the receiver at this point in the operation would
from the SNR point of view be ~18MHz for a pulse of width
10ns, i.e. BWope ~0.2/AT.

In a more realistic design case consideration should also
be given to other noise sources (i.e. noises of the amplifier,
AP diode and signal) and to the limited bandwidth of the
feed-forward voltage amplifier. Fig. 6 shows the calculated
dependence of the SNR on the open loop gain in the pream-
plifier in a situation where all the parameters are as above
and in addition the APD is assumed to have a primary dark
current of 5nA and an excess noise factor Fyy = 100,
The primary signal current is assumed to be 10nA, and the
equivalent spectral input voltage noise of the preamplifier to
be ~1nV/,/Hz. The open loop response of the preamplifier
is assumed to have three poles located at a frequency of
~3 x BWzr (equivalent input noise and pole location roughly
mimicking the 3-stage preamplifier designed here). The dotted
curve shows the calculated approximation for the SNR of

be,max ~ @)

5 345 64 935 123 153 182 212 241 271 300

Open loop gain (A,;)

Fig. 6. SNR as a function of the preamplifier open loop gain; dotted
curve: without signal shot noise, solid curve: signal shot noise included.
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Fig. 7. SNR as a function of the APD gain M (Agp set to 80).

the receiver without the contribution of the signal shot noise.
The solid curve shows the total SNR with the signal shot
noise included. As can be seen, the signal shot noise has an
appreciable lowering effect on the SNR. In general, additional
noise sources tend to lower the optimum receiver bandwidth,
but the effect of the signal shot noise obviously smooths the
dependence of the SNR on the bandwidth of the receiver. The
optimum preamplifier open loop gain is seen to be ~80, and
thus the optimum preamplifier bandwidth for a laser pulse
with a width of 10ns is ~15MHz with the given total input
capacitance.

As already pointed out above, in the context of APD design
an optimum gain can exist for the APD. In this particular
design case, the optimum gain is Mopt ~6, as indicated by the
calculation shown in Fig. 7, which shows the calculated SNR
as a function of the APD gain (preamplifier open loop gain set
to 80). The dependence of the SNR on the APD gain is not
very strong, however, especially above the optimum operation
point.

It can be concluded from the above analysis that from
the SNR optimization point of view the optimum band-
width of a pulsed TOF lidar receiver is typically around
(0.15...0.2)/ Atpuise. Also, the APD dark current and signal
shot noise values may make a substantial contribution to the
overall SNR in low-noise designs and should therefore be
considered carefully.

I1l. RECEIVER DESIGN

A. Receiver Architecture and Circuit-Level Design

A block diagram of the laser radar receiver is shown in
Fig. 8. Its functional blocks are the low-noise preamplifier,
post-amplifiers and a continuous-time (not clocked) compara-
tor with an output that can be sampled for the transient
recording. Single shot echoes are available from the analogue
output buffer for timing discrimination and time interval
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Fig. 8. Block diagram of the laser radar receiver circuit.

measurement. The avalanche photodiode (IAG-200 by Laser
Components) is ac-coupled to the transimpedance amplifier
input and resistively biased to the bias voltage (~50V).

The important design features include minimization of noise
in the receiver by setting its bandwidth according to the
principles presented in Section 2. The minimization of elec-
tronic noise in transimpedance preamplifiers is well covered
in the literature and the known principles were applied here
when designing the preamplifier, see [20], [30] and references
therein.

It is often the front end of the receiver channel that limits
its performance of, and this is the most critical block from a
design point of view due to the partly conflicting requirements,
such as low noise, stability and wide linear range. In the
present design Rp, was set to 270kQ. The transistor-level
structure of the fully differential core amplifier (App) in the
transimpedance amplifier, as shown in Fig. 9, comprises three
common source amplifier stages with resistive loads in order
to achieve adequate internal gain in the core amplifier (Aop)
for the targeted bandwidth of ~15MHz.

The predominant sources of noise in the CMOS transim-
pedance preamplifier, shown in Fig. 9, are the thermal noise
feedback resistors and the input-referred voltage noise of the
core amplifier [20]

i (@) 4kT n 8 4kT
im0 R fb 3 8m

The second term in (8) is related to the input stage of the
preamplifier and causes the noise to peak at higher frequencies,
although this is filtered by the non-dominant poles of the
preamplifier.

The stability of the preamplifier has to be considered sepa-
rately, especially in cases where the core amplifier has several
gain stages and thus high frequency poles. The dominant
pole of the open loop frequency response is located at the
input node, while the non-dominant poles are the poles of
the internal stages of the core amplifier. To improve stability,
a compensation capacitor is placed in parallel with the feed-
back resistor, as shown in Fig. 8.

The post-amplifier, consisting of two voltage stages, and
the offset cancellation loop are shown in Fig. 10. The gain

(@ Crorar)*. ®)

700uA 200uA 200uA

4.5mA ImA

Fig. 9. The core amplifier of the transimpedance stage.
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Fig. 10. The post amplifier circuitry including offset cancellation. The
nominal gain of the post amplifier is 7.

in the post-amplifier needs to be high enough for the timing
comparator to reliably detect the optical input signal at the
limit of the sensitivity of the receiver. To enhance noise
filtering at the post-amplifier stage, extra capacitors are also
placed at the output from the first post-amplifier stage.

An offset cancellation circuit is added to the post-amplifier
to minimize the offset created by mismatches, e.g. in the
input transistors and feedback resistors of the preamplifier.
The offset cancellation circuitry takes the post-amplifier output
to the Gm block, which integrates an error voltage at its
output. This voltage drives a differential pair to compensate for
the voltage differences and correspondingly reduce the offset
voltage. The lower frequency limit of the offset compensation
loop was set to be 20Hz.

The analogue output buffer, shown in Fig. 8, is designed
to be sufficiently fast, wide and linear that it does not distort
the amplifier channel output. Analogue buffer outputs are then
taken from the source follower stage, resulting in a buffer gain
of about ~1. As a result, the total gain from the input to the
analogue output (i.e. in the transimpedance, post-amplifier and
analogue output stages) is about 3.5MQ (500k x 7 x 1).

Since the timing comparator provides positive and negative
samples (or zeros and ones) with equal probability only if the
random noise at its input (with the embedded weak echo pulse)
is markedly larger that the comparator offset voltage, the total
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Fig. 11. Layout of the pulsed TOF lidar receiver designed here.

gain of the receiver (effective transimpedance) was set so that
the receiver noise level at the input to the timing comparator
was ~5-10mV. The channel offset, the offset introduced by
the preamplifier and post-amplifiers, was cancelled out with
an on-chip feedback circuit. Thus, the remaining offset in the
detection was mostly that of the comparator only. Differen-
tial signal processing was utilized throughout the design to
suppress the effect of common mode disturbances.

The comparator output was intended to be sampled into a
shift register at a rate of 100MS/s, enabling a record with
a length of 81.92us (or 12.2km in distance), for example,
to be saved for a single laser shot with a register length
of 213 bits. Successive transients could then be averaged to the
extent desired, and other types of digital filtering could also be
applied, e.g. in order to set the receiver bandwidth accurately.
The digital functionalities, including the PC interface, were
realized with a separate FPGA board.

The analogue receiver channel was realized in a standard
0.354m CMOS technology with a 3.3V supply voltage. The
size of the chip was 1.8mm x 1.2mm including the bonding
pads, and the key performance parameters were confirmed
with simulations in all technology corners and within a tem-
perature range of —40 ...+80°C. The layout of the receiver,
which has a static power consumption of ~60mW, is shown
in Fig. 11.

IV. RECEIVER PERFORMANCE
The important performance parameters from a laser radar
point of view are the frequency response, the total gain (tran-
simpedance) and the receiver noise, which determines the
sensitivity of the receiver (maximum measurement range).

A. Frequency Response

As explained above, the laser radar receiver was designed
for laser pulses with a width of ~5...20ns, so that the
bandwidth of the channel was set to ~15MHz in order to
maximize its sensitivity for 10ns pulses. It should be noted
that in the transient recording mode the final bandwidth can
easily be lowered by means of digital post-processing of the
averaged transient record.

The frequency response of the receiver was measured with
the configuration shown in Fig. 12, in which a differential
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Fig. 12. Configuration for measurement of the frequency response.

input current with a known amplitude is produced with the
input resistors R5 and R6. The capacitance Cj, then emu-
lates the capacitance of the APD (~1.5pF). The total input
capacitance was evaluated to be ~3.5pF. Since the signal
generator provides a continuous sinusoid waveform at the
desired frequency, the frequency was swept here from 100kHz
to S0OMHz and the transimpedance was measured at several
specific frequencies.

The measured frequency response is shown in Fig. 13,
where the equivalent gain and bandwidth (—3dB) are 3.3MQ
and 15MHz, respectively, which match well with the simu-
lations. To confirm the bandwidth result, the bandwidth was
also measured with an APD connected to the input to the
receiver and the APD was then illuminated with a constant
optical power. This illumination produced a dc current in the
APD and if the rms value of the shot noise of this current was
considerably larger than the equivalent input current noise of
the receiver, the frequency response could be recorded as the
response of the receiver to this shot noise. The result of this
measurement confirmed a bandwidth of 15MHz.

B. Receiver Noise

The receiver noise was measured from the output of the
analogue receiver channel with a FFT analysis of the receiver
output. Since the receiver noise is critically dependent on the
input capacitance, the APD was connected but sheltered from
the background illumination. The measured noise spectrum
at three APD bias voltages, 0V, 53V and 55V, is shown
in Fig. 14. The effect of the APD dark current is clearly
seen in the spectrum. The total output voltage noises were
12mViys and 16mVipg, with bias voltages of 53V and 55V,
respectively. The corresponding equivalent input noise currents
were 3.6nAmys, and 4.8nApy, respectively. The total equiva-
lent input noise current of the receiver without the APD (but
including the preamplifier input equipped with an extra 1.5pF
capacitance mimicking the APD capacitance) was found to be
~2.8nAns.

C. Timing Walk Error

A measurement board for the system level tests was con-
structed which included the designed receiver chip with an
APD detector (IAG200, Laser Components), two external
timing comparators and a custom-designed CMOS time-to-
digital converter (TDC) circuit as described in detail in [31].
Using this approach, the time position of the detected echo
could be determined (stop 1) with respect to the transmitted
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Fig. 13. Measured frequency response of the receiver channel (the
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Fig. 14. Measured noise spectrum at the output of the receiver channel.

laser pulse (start). In addition, the multi-channel TDC allowed
one to measure the width (stop3 — stopl) or the rise time
(stop2 — stopl) of the timing pulse. A 1550nm laser diode
(optical BW ~20nm) with a stripe width of 50um, pulse
peak power of ~4W and pulse width of 20ns was used as
the optical transmitter of the system. The divergences of the
transmitter and receiver were 2mrad and 14mrad, respectively.
The receiver optics had an effective aperture of ~20mm in
the system tests and were equipped with an optical band-pass
filter with a bandwidth of 50nm (FWHM). The measurement
configuration is presented in Fig. 15.

The lower and higher threshold levels of the two timing
comparators were set at SNR~5 and SNR~10, respectively.
The two calibration curves produced for timing walk error
compensation showed the variation in the pulse width and
time interval between the two threshold levels as functions
of the input signal strength. For this measurement a reflective
target was positioned at a distance of ~40m from the radar
and two variable optical neutral density filters were positioned
at the front of the transmitter optics. In this way, the signal
strength of the receiver could be adjusted in a controlled
manner. To determine the effect of the bias point of the APD,
the measurements were carried out at VaApp pias levels of 53V
and 55V, at which the APD gains were estimated to be 6.7 and
10, respectively.

The results in Fig. 16 show the dependence of the time
position (with respect to the start signal) of the recorded
timing signal stopl on the signal strength given in SNR units
at a constant target distance (@40m). It is seen that this
uncompensated timing walk error amounts to ~25ns, which
corresponds to a distance of ~4m. The results also show that

Receiver PCB

FPGA

Ext
XEM6001 stopl | -
&> TDCic comp]] Rlic R
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$ start lcomp2
@ '
—
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generator —3 transmitter

Fig. 15. System test measurement configuration.
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Fig. 16. The dependence of the time position of the stop1 signal as a
function of signal strength (i.e. timing walk error). The measurement was
done with two Vppp bias voltages.
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Fig. 17. The dependence of the timing pulse width on the signal strength.
The measurement was done with two Vapp bias voltages.

the lower APD bias voltage of 53V gives a higher SNR than
does the higher voltage, 55V, as already anticipated above on
the basis of the noise calculations.

As suggested above, additional time parameters are mea-
sured from the timing pulse in order to compensate for this
error. These are the width of the timing pulse at the lower
threshold, corresponding to an SNR of ~5, see Fig. 3, and
the time interval required for the timing signal to slew from
the lower to the higher threshold, that corresponding to an
SNR of ~10.

The measured dependence of the timing pulse width at
the input to the timing comparators on the signal strength
is shown in Fig. 17. The total dynamic range of the input
signal amplitude in this measurement was ~1:36 000, and
it is seen that in general the pulse width increases with the
signal amplitude but starts to shorten above an input signal
dynamic range of ~1: 2500. This shortening can be attributed
to the Schottky diodes at the input, which are nevertheless
needed to protect the IC and prevent “blocking” of the receiver
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Fig. 18. The dependence of the timing signal slew time between lower
and upper threshold on the signal strength.

channel for a long period of time. Thus, if only pulse width
compensation were used the unambiguous range for the pulse
width measurement-based compensation would not cover the
total dynamic range of the signal in this situation. Another
timing parameter, the front edge slew rate, is also measured,
however, and this opens up a possibility for compensating for
the timing walk error within the whole dynamic range, as will
be considered next.

The measured dependence of the timing signal front edge
slew time on the input signal strength is shown in Fig. 18.
As can be seen, this method is operative as soon as the
signal amplitude exceeds the higher threshold and works
monotonically up to highest signal amplitude values. It is
thus possible to compensate for the walk error generated by
a dynamic range of 1: 36 000 by means of a combination of
pulse width measurement and slew rate measurement. In other
words, the measurement of the signal slew time indicates
on which side of the maximum pulse width peak seen in
Fig. 17 the operation point is and thus enables the correct
compensation (from right or left with regard to the pulse width
maximum at SNR~10000) to be applied.

Based on the above results, a two-part compensation table
was produced to indicate the timing walk error as a function of
the timing pulse width. Part A included the timing walk error
as a function of the measured pulse width in cases where the
compensation was taken from that part of the curve where the
pulse width widened monotonously (i.e. from the part with an
input dynamic range of ~1: 2500). Part B of the compensation
curve applied to the part with a dynamic range of 2500:36000,
i.e. where the measured pulse width shortened. As is shown in
Fig. 18, the slew rate became saturated at the SNR level where
the pulse width started to shorten. As a result, it is part B of the
compensation curve that should be used, for example, when
the measured slew rate is less than 700ps, the compensation
for longer slew times being taken from part A. By using
these two time domain parameters, slew time and pulse width,
the timing walk error can be compensated for over the whole
dynamic range of 1: 36 000. It must be noted, however, that
the maximum input signal level is limited by the maximum
output power of the laser pulse and not by the compensation
method, so that in principle an even wider dynamic range of
pulse amplitudes could be compensated for. Thus, time domain
data can be used in practical measurements to compensate
for the timing error, or even to estimate the strength of the

TABLE Il
SYSTEM PARAMETERS FOR LASER PULSE WIDTHS OF 20ns AND 5ns

Laser pulse width 20ns Sns
Uncompensated walk error 25ns 14.4ns
Measured dynamic range ~1:36 000 ~1:9400
Min signal in ~19nA ~73nA
measurements
. + 150ps (pulse + 150ps (pulse
Residual walk error width only) width only)
Rise time of the output
pulse (10%-90%) 15.6ns 9.2ns
Effective transimpedance 2.3MQ 610kQ

261,8

—e— part A + uncomp (VAPD55)
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Fig. 19. Residual timing walk error. Continuous red and black lines:

compensated is based on the part A of the compensation curve; blue
dashed line: compensated timing results for signal levels SNR>10
000 using part B of the compensation curve.

signal echo. These methods were applied here to record the
residual timing walk error. As shown in Fig. 19, this amounts
to ~ +150ps (corresponding to +2.2cm in distance) over a
dynamic range of 1: 36 000 (red and black solid and dashed
lines). Compensation for the red and black curves was carried
out on the basis of pulse width information only (part A).

Elsewhere, measured timing intervals exceeding an SNR
of ~2500 were compensated for by reference to part B of
the curve (where the pulse width shortens). As can be seen
from Fig. 19, this flattens the bump that occurs at high signal
amplitudes, so that the resulting residual timing walk error is
+75ps (corresponding to =1.1cm) over a dynamic range of 1:
36 000.

The above measurements were then repeated using a laser
pulse of length 5ns. The results obtained from the two
experiments, as presented in Table II, show that the effective
transimpedance was obviously lower with the 5ns pulse length
(610kQ versus 2.3MQ) as indicated by the bracketed term in
the numerator of (6), and thus the minimum detectable signal
was also higher (73nA versus 19nA).

The measured timing jitter of the measurement, which indi-
cates the precision of a single shot measurement, is shown in
Fig. 20 as a function of the signal strength. In the measurement
results shown in Fig. 20, the used laser pulse width was 20ns.
As suggested by (3), the jitter improves along with the SNR,
so that the measured jitter is ~2.5ns at an SNR of 10. It should
also be noted that the jitter can be reduced by applying pulse
width measurement-based timing walk error compensation (in
this case using the part A and part B compensation curves), i.e.
the noise levels at the leading and trailing edges of the timing
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TABLE Il
PERFORMANCE SUMMARY AND COMPARISON OF RECENTLY PUBLISHED RECEIVERS
This work [25] 2020 [23]2019 [16] 2014 [18] 2020
Technology 0.35 pm CMOS 0.18 pm CMOS 0.35 pm CMOS 0.35 pm CMOS 0.35 pm CMOS
Power consumption 60mW 200mW 180mW 79mW 155mW
Bandwidth 15MHz 280MHz 250MHz 160MHz 230MHz
Input-referred rms C~3né; I:;F 80nA 100nA 19nA 70nA
noise current Ct::ﬂ~1.'7pF Cpa ~1.2pF Ciotal ~3pF Cpa ~2.5-5pF Ciotal ~4pF
Dynamic range 1:36 000 1:5000 1:40 000 1:12 000 1:50 000
Timing walk +/-75ps +/-30ps +/-20ps +/-1.4ns +/-100ps
.. 1.7ns @ SNR=10 62ps 174ps 100ps @
et ~100ps@i;=2uA @SNR=25 @SNR=13 NA SNR=12
Minimum detectable 19nA 2uA 1uA 63nA 0.6uA
signal current @SNR=5 @SNR=25 @SNR=10 @SNR=3 @SNR=9
Front end technique R-TIA R-TIA R-TIA C-TIA R-TIA
. . . not needed:
Walk compensation pulse 'w1dth+slew pulse w1§th+peak pulse width gam Comr.o I front end pulse
time detection delay detection .
shaping
System demos:
power/length 4W/20ns 12W/3ns NA/5ns 20W/~3ns
wavelength 1550 nm NA 905nm 1550nm 905nm
rec aperture 20mm 20mm NA NA
range ~330m ~33m NA NA

pulse correlate to some degree. At higher SNR values the jitter
will become saturated at ~100ps. In principle, the timing walk
error compensation could be carried out based on slew time
measurement only, but in that case the jitter would increase as
can be seen from in Fig. 20 c).

D. Transient Recording Mode

When testing the transient operation mode the configuration
was as above but a laser pulse with a width of 1ns and SNR
varying from 0.5 to 5 was used. The laser pulse was shortened
to check the possibility of detecting very short, low intensity
laser pulses in the transient mode beyond the intended main
operation region. Fig. 21 shows the result recorded at the
output from the comparator with a sampling rate of 2.5GSa/s.
The results represent averages of one thousand single shots.
It is seen that the average of the output signal outside the pulse
region is ~1.5V, as it should be with a 3.3V supply voltage,
and that there is an equal probability of detecting O or 1 for
the channel noise. Also, a signal pulse with SNR ~0.5 can
easily be detected by averaging 1000 successive shots, since
this improves the SNR by a factor of /1000 ~30. Note that
the channel response is markedly longer than 1ns due to the
lower bandwidth of the channel.

E. A Practical Measurement Case

To demonstrate the sensitivity of the receiver as developed
here, a transient to a target at a distance of ~330m was
recorded from the analogue output buffer with an oscilloscope
(1GHz KEYSIGHT MSOX3104T, 2,5GSa/s and a 3.5GHz
Agilent 1131A active probe system). The target was a wall
of the university building, as shown in Fig. 22, and the set-up
was the same as in the earlier measurements, with a laser pulse
length of 20ns (peak power ~4W). The transients recorded
in a single shot and after the averaging of two successive
shots are shown in Fig. 22. The reference level shown with
a black line in the Fig. 22, (80mV) corresponds to an SNR
of 5. The total transit time is ~2.25us, which corresponds
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Fig. 20. The dependence of the timing jitter on the measured signal
strength for three different timing detection techniques a) detection on
the rising edge only, b) detection on the rising edge and pulse width
based walk error compensation, c) detection on the rising and rise time
measurement based timing walk error compensation.
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Fig.21. Outputfrom the receiver channel in the transient recording mode
for a laser pulse with a width of 1ns and SNR values of 0.5, 1 and 5 (red,
green and black curves). 1000 single shot transients were averaged for
each curve.

to a distance of ~330m. The SNR in the single shot was
~9 and could be improved by averaging, as expected. The
jitter of the measurement at this point would be 2.5ns and 1.8ns
when applying timing walk error compensation. It should be
noted that the reference level of SNR = 5 as indicated in the
Fig. 22 would be somewhat low for a reliable threshold in a
single shot measurement. This is illustrated by the fact that
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Fig. 22. Measured signal strength from the wall of a building at a distance of ~330m. A 1550nm laser pulse with a width of 20ns and peak power

of ~4W and a receiver aperture of 20mm were used in the measurements.

the transients cross the threshold level at several time points
around the position of the target (red curve).

V. DISCUSSION AND CONCLUSION

The low-noise CMOS laser radar receiver channel designed
in this work was targeted at 1550nm pulsed time-of-flight laser
radar applications using 5ns...20ns laser pulses. The receiver
bandwidth of 15MHz was set according to the ~0.15/AT rule
(AT = 10ns), which maximizes the receiver SNR, and thus
the sensitivity of the measurement. It has also been shown
that even if the receiver bandwidth is markedly lower than
that typically used in comparable designs, by utilizing the
time domain compensation methods, the timing walk can be
reduced to a level of better than +/—100ps within a wide
dynamic range of 1: 36 000 of received echo amplitudes. The
single shot jitter at the limit of detection was in the region
of 1.5ns — 2.5ns and improved inversely proportionally to the
SNR, so that at an SNR of 50 (corresponding to a signal
current of ~200nA), for example, the single shot jitter was
~500ps (corresponding to 7...8cm).

The noise of the receiver (without the contribution of the
APD dark current or signal shot noise) was around ~3nApq,
with a relatively high input capacitance, estimated at ~3.5pF.
This noise level was much lower than those typically achieved
with recently published laser radar receivers [15]-[18], [25].
It was also shown by using the designed receiver in a pulsed
TOF laser radar configuration that it allows single shot mea-
surements of distances to non-cooperative targets over a range
of several hundred metres with a modest laser power of 4W
and a receiver aperture of 20mm. In its transient averaging
mode the receiver allows measurements with SNR values
below the typical threshold limit, albeit at the cost of increased
measurement times.

A comparison of some recent relevant laser radar receiver
designs and their main performance parameters is shown in
Table III. One distinct feature of the present design is its
particularly low input noise level, which is achieved mainly
by using a receiver bandwidth optimized for the detection of

the laser pulse. In spite of the low bandwidth, high timing
accuracy is achieved over a wide dynamic range due to the
use of measurements of the slew time of the trailing edge and
the width of the timing pulse to compensate for the timing
walk error.
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