2566

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS-I: REGULAR PAPERS, VOL. 67, NO. 8, AUGUST 2020

A Wide Dynamic Range Laser Radar Receiver
Based on Input Pulse-Shaping Techniques

Aram Baharmast

Abstract—This paper presents a Time-of-Flight laser radar
receiver based on pulse-shaping at the input to the receiver
channel, in which the first zero-crossing point of the converted
pulse is marked as the timing moment. In this technique,
an LC resonator is combined with a nonlinear feedback TIA to
achieve high accuracy and high precision within a wide dynamic
range. The key advantage is that the receiver does not require
any post compensation or gain control techniques so that the
total complexity of the TOF radar is reduced considerably.
Measurements made in a 0.35um standard CMOS process show
a bandwidth of 230M Hz and an input-referred noise of 70n A
RMS. The receiver chip consumes 155mW power from a 3.3V
supply. The single-shot precision and accuracy of the receiver
within a dynamic range of 1 : 50, 000 are ~ 15mm(SNR = 12)
and ~ =*x15mm respectively. A wider dynamic range can be
achieved with a larger accuracy tolerance. The functionality of
the proposed receiver channel is also verified over an input pulse
variation and temperature range of 0 °C to 50 °C.

Index Terms— Time-of-flight, TOF, laser radar receiver, Lidar,
timing discrimination.

I. INTRODUCTION

iDAR (Light Detection and Ranging) is an optical remote
L sensing technique [1] which was used primarily for
military purposes ([2], [3]); but has now found a wide variety
of growing applications in industry (e.g. for measuring levels
in silos and containers [4], profiling and 2D/3D surface
scanning [5], [6]), proximity driving, robotics [7] and airborne
laser scanning (ASL) [8], [9].

The basic idea behind pulsed Time of Flight (TOF) LiDAR
is to project a short (usually 1 — 5ns) pulse of light onto the
target and to process the reflected echo(es) to determine the
distance (or to profile the target). Since the speed of light is
approximately constant (~ 30 cm/ns) under varying environ-
mental conditions, unambiguous resolution at a cm or mm
level is readily available even with a single shot measurement
at high rates of up to several hundred kHz [10]. This is not
possible with continuous wave phase-shifted TOF techniques
for example, where the distance is resolved from the phase
difference between emitted and detected light signals. More-
over, relative to microwave radars, pulsed TOF techniques
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provide higher spatial resolution (due to the inherently shorter
wavelength of light and ease of control over the optical
measurement beam) in ranging applications of up to several
hundred meters to non-cooperative targets [10]-[12].

Two important parts of every TOF device are the laser
transmitter and the photodetector. The optical pulses generated
by the laser should be powerful enough to cover the required
dynamic range (DR), whereas in ranging applications the
peak power of the laser is limited to below 20 — 30W for
practical reasons, e.g. eye safety [3], [13]. High-responsivity
(30 — 50A/W) and high gain (50 — 100) avalanche photodi-
odes (APD) are commercially available and typically used as
the photodetector. APDs biased below the breakdown voltage
(Vpg) region (known as linear mode APDs) are able to detect
multiple echoes reflected from several targets and also to
measure the intensity of the arriving optical pulses [1], [14].
In this work, an APD is used as the photodetector.

From a general point of view, a TOF receiver (which is
the focus of this paper) can be realized based on either
sampling-based or event-based approach. In [15] an alternative
technique was introduced based on a compromise between
these approaches. In the sampling-based approach, an AD con-
verter digitizes the output of the receiver channel. The reflected
echoes are then processed in the digital domain. This approach
requires a high-speed (e.g. at least 200M S/s) multi-bit AD
converter to achieve reasonable precision, because short pulses
and high pulsing rates are typically used [15]. This raises
the power consumption issue, especially in multi-dimensional
scanning systems, where several multi-channel receivers may
be required. In an event-based approach, on the other hand,
a time-to-digital converter (TDC) is used to measure the time
intervals between the emitted pulse and detected echo, so that
no continuous sampling is needed and as a result, the power
consumption is considerably reduced. The receiver presented
here is based on the event-based approach.

A typical pulsed TOF range finder employing the
event-based approach is shown in Fig. 1. The echo
pulse received from the APD is amplified and accurately
time-discriminated by the receiver channel. The key challenge
associated with the receiver channel is to detect the time
position of the arriving echo pulse with cm-level (or mm-
level) accuracy within the target DR (typically 1:10,000 or
more in ranging applications). To accomplish this, the receiver
channels introduced in the literature generally have three main
functionalities/blocks, as shown in Fig. 1: a) front-end sensing
to detect and amplify the current signal coming from the APD.
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Fig. 1. A typical TOF laser radar system.

b) walk error compensation to minimize the systematic errors
associated with TOF ranging systems, and c¢) timing discrimi-
nation, which consists of one or more comparators to convert
the timing marks generated by the receiver channel into dig-
ital pulses. These functionalities are not necessarily separate
blocks, however, depending on the receiver architecture they
are embedded in the receiver channel.

The front end should be able to detect the high-speed pulses
(e.g. 2—3ns) coming from the APD accurately, which in turn
brings up bandwidth and noise issues. Noise limits not only
the sensitivity of the receiver but also single-shot precision,
by contributing to the timing jitter. The minimum signal-
to-noise ratio (SNR) in ranging applications that keeps the
false detection rate at a negligible level is ~ 8 — 10 [4], [16].
The timing jitter, which randomly affects timing detection,
is proportional to the rise time of the arriving pulse [17] so that
shorter pulses give better precision but it calls for a receiver
with a wider bandwidth [18]. Most of the proposed circuits
for the front end are based on trans-impedance amplifiers
(TIA): i.e. shunt feedback-based [1], [19]-[26] and current
mode-based [4], [27]-[30] TIAs. A combination of both
approaches has been employed in [31]. Shunt feedback-based
TIAs have gained more attention, however, due to their unique
properties of low noise, low input impedance, and relatively
wide bandwidth [32]. A shunt feedback Capacitor-TIA was
adopted in [33] for instance, in order to reach a very low
noise level of 1.6pA//Hz.

Another source of inaccuracy in pulsed TOF range finders
known as walk error, which is the deviation in the timing
point with pulse amplitude. Reflected echo pulses in distance
ranging applications can vary in a range of 1:10,000 or even
more depending on the distance, the reflectivity of the target,
environmental conditions and the angle of the target relative to
the TOF device. If a comparator with a constant threshold volt-
age is used to mark the timing moment (known as leading-edge
detection method), a considerable amount of walk error will
be generated. The walk error has two main sources: variations
in pulse rise time with the amplitude of the pulse (known
as geometric walk error, which remains even with an ideal
comparator) and nonlinear variation in the electronic delay of
the receiver for different pulse amplitudes [34]. To mitigate
this issue a walk compensation scheme is usually adopted.
In leading-edge based receivers various pulse characteristics
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such as amplitude ([12]), pulse width ([22]), slew rate and/or
rise time ([20], [23]) are discriminated and used to compensate
for the walk error. These techniques provide a wide DR
(>1:10,000) with a low walk error (e.g. < 50ps), but they need
relatively complicated calibration methods in collaboration
with a multi-channel TDC. A recent implementation example
of this technique was presented in [20], [21]. Another approach
is to employ electronic gain control, either within the input
stage or as a separate block [1], [25], [27], [30], [31]. This
technique suffers from a limited DR (typically 1: ~500-1500),
however, due to the non-constant delay in the gain control
electronics. Optical gain control is another solution but it is
usually slow and bulky.

A further technique introduced to compensate for walk error
is to convert the unipolar current pulse detected by the APD
to a bipolar signal at the input to the receiver channel and
then pick out the zero-crossing point of the converted signal
as the timing mark. The idea behind this approach is that
the receiver channel should return to its linear region near
the zero-crossing point so that clipping of the signal at high
input levels will have little effect on the timing moment and
a wide DR can be achieved. This can be accomplished if the
receiver channel is fast enough to recover from clipping [35].
This technique has been implemented at the circuit level using
either a high-pass RC differentiator or an RLC-based res-
onator [28], [35]. The high-pass RC differentiator alternative
cannot be implemented next to the input node because the
parasitic capacitance of the photodetector will destroy the
high-pass filtering. Consequently, the RC filter is placed after
the front end, in which case its limited DR restricts the DR of
the whole receiver channel [28]. The RLC-based pulse shaping
proposed in [35], on the other hand, converts the APD current
pulse to a bipolar voltage signal at the input node and then
amplifies the converted voltage through the receiver channel.
This nevertheless places practical limitations on the DR at
both the low and the high end. At the low end, the relatively
small damping resistor used at the input produces a large
amount of noise, which in turn limits the sensitivity of the
receiver, while at the high end the early current-to-voltage con-
version at the input node limits the maximum permitted input
current.

This paper presents a CMOS laser radar receiver based
on a new implementation of the pulse-shaping approach
in which an LC resonator is combined with a nonlin-
ear shunt feedback TIA. The proposed receiver achieves
a DR of ~1:50,000 while its accuracy is better than
+100ps(£15mm) and the single-shot precision is ~ 100ps
(15mm) for an SNR of 12. As the only timing parameter
discriminated here is the zero-crossing point of the bipolar
signal, the receiver does not require any specific calibration
or compensation technique as is typically needed in state-of-
the-art TOF receivers. This is a key advantage that consider-
ably reduces the total complexity of the proposed TOF system.
The paper is organized as follows. The operation principle
and design issues are discussed in section II, section III is
devoted to the circuit-level realization of the whole receiver
channel, measurement results are shown in section IV and



2568

Receiver chip

Off chip components

Armmg Comparator

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS-I: REGULAR PAPERS, VOL. 67, NO. 8, AUGUST 2020

Bias circuits | Control reg.s

Regenerative
latch

Gm-C Integrator

.||_|

|

|

]
' High b :
' ! DAC |--_ .
| Voltage ! ' ‘-—-;F' i
s i 1 T |

ORI I
| T =--

i \ ] i
: C ' ' Post-amplifiers !
! C 1 1
' | ——= * :
EL R >t
l Criiil L TIA . !
: L : : |L
| ] 1 |
""""""" ! {

1 Gm

| c :

|

|

]

]

]

Fig. 2. Block diagram of the proposed receiver channel.

a discussion and the conclusions to be drawn are given in
section V.

II. RECEIVER CHANNEL ARCHITECTURE

A block diagram of the proposed TOF receiver channel is
shown in Fig. 2. The APD used here (T 05251AD230) has
an active area of 0.04mm? (230um diameter) and provides a
high internal gain (e.g. 100) when biased below its breakdown
voltage (~ 140V). The “unipolar” current pulses of ~ 2—3 ns
Full Width at Half Maximum (FWHM) detected in the APD
are converted to a “bipolar” voltage by passing through an
off-chip LC resonator and front-end nonlinear feedback TIA.
The bipolar signal is amplified through the receiver channel
and its “first zero-crossing point” is detected in order to trigger
a “stop” in the TDC. A Gm-C integrator is embedded in the
receiver to cancel out the offset through the channel. An analog
buffer is also used to measure the gain, noise and bandwidth
of the channel.

A. Design Principle of the Front End

A simplified block diagram of the front end is shown
in Fig. 3. The input circuitry includes an off-chip inductor
which is connected to the anode of the APD diode. As can
be seen, no bias resistors are used in the front end. The
inductor forms an LC resonator with the parasitic capacitances
of the APD, bonding wires, PAD and input transistor of the
TIA. The total amount of this capacitance (C7) affects the
performance of the whole system in terms of bandwidth, noise
and walk error. Here a commercial high-frequency RF inductor
(0603HP — R25) is used. Its specifications include a quality
factor of 45 in the 250 MHz frequency range (employed
frequency range), and a self-resonance frequency (SRF) of
1 GHz. These characteristics indicate low enough parasitics
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Fig. 3. A block diagram of the nonlinear feedback TIA front end. The size of
the parasitic elements are approximate values used to model the input node.

TIA

timing mark

(series resistance and stray capacitance) for the inductor in
the intended application.

The current pulse of the APD excites the LC resonator
to produce an oscillating signal current which flows into the
TIA feedback path. Thus the feedback resistance of the TIA
acts both as a damping element for the RLC resonator and
as a pass to convert the resulting current into a voltage at
the output of the TIA. Since the first zero-crossing point
marks the timing point, the RLC circuit should provide a fast,
underdamped response that damps the resulting oscillation
after one or two cycles. The resistance seen at the input of
the TIA (i.e.R;,,714) can be calculated as

ZF

— 1
Ag+ 1’ M

Rintia =
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where ZF is the resistance of the feedback path and Ay is the
DC gain of the core amplifier (A). The feedback path consists
of a passive resistor (Rr) and two auxiliary transistors as
shown in Fig. 3. For the linear region of the TIA (small input
currents), Zr is equal to Rr. The function of these auxiliary
transistors will be discussed later in section II-2.

Based on (1), a higher feedback resistance can be used,
while proper damping can be set via the gain of the core
amplifier, although practical circumstances limit the choice of
the gain and feedback resistor and of the off-chip inductor (L).
The first factor involved here is the required bandwidth,
which should be high enough to preserve short pulses of
2 — 3ns. Since a large capacitance is seen at the input node,
the dominant pole of the receiver is located at this node.
Other limitations arise from the noise and walk error. The
various characteristics of the front end will be discussed in
the following subsections.

1) Linear Region Analysis: As long as the input current to
the TIA is small enough to ensure that the voltage drop over
the feedback resistor (Rr) is below the threshold voltage of the
two auxiliary transistors (Myr and Mpr), the core amplifier
(A) will remain in its linear region and can be modeled as a
single-pole inverting voltage amplifier. Assuming such a model
for the core amplifier, the total trans-impedance gain can be
found as

Vour N (s)
Z = =——"7 2
T (S) Iin D (S) 5 ( )
and
Aoan
N = , 3
(s) Cr s (3)
1 (Ap+1Dan 1
D(s) = 3 2
(s)=s +(w2+RFCT)s +( RrCr +LCT)S
e @)
LCr

where w; is the high-frequency pole of the core amplifier
and Cr is the total input capacitance at the input node. Note
that in the presence of w», D (s) is a third-order function
of s. wy should be chosen to be high enough to ensure
a flat response in the frequency ranges in which the pulse
shaping occurs. On the other hand, a very high bandwidth
core amplifier would result in excessive noise, which is not
desirable. In practice, to ensure a maximally flat frequency
response in the TIA (not the whole pulse shaper), we should
have ([36], [37]):

> 220 +\/ LI (R
w Wy~ ,
2= ReCr LCr ReCr

where @, is the unity gain frequency of the front end. In this
case, the —3d B bandwidth of the TIA channel will be

Ao +1 1 Ao+ 1)?
S , 6
O3B =S ReCr +\/LCT + (2RFCT) ©

which is equivalent to the upper cut-off frequency of a parallel
RLC circuit when its resistance is equal to (1). This equation
reveals the roles of the core amplifier gain and the input node
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capacitance in the bandwidth of the receiver channel. As seen
in (6), a large inductor will also limit the bandwidth.

It is well known that in band-limited communication sys-
tems for a given rise time (f.) of the arriving pulse the
bandwidth of the receiver that preserves the fast edge of that
pulse should be [38]

0.35
BW=r~——o, (N

Iy

Increasing the bandwidth by more than this value will increase
the in-band noise without any significant improvement in
the preservation of the fast edge. Even though the proposed
receiver is based on front-end pulse shaping, which is inher-
ently a bandpass system, our simulations and measurements
show that the value of the bandwidth given by (6) is compa-
rable to (7) and is a good measure for evaluating the required
bandwidth of the channel.

Without the two auxiliary transistors (Myr and Mpfr in
Fig. 3), the proposed front end works well only within the
linear region of the core amplifier. The transient simulation
shows that in this region the deviation of the zero-crossing
point for different input pulse amplitudes (which represents
the walk error) is negligible. Once the input current exceeds
a certain threshold, however, and drives the core amplifier to
the nonlinear region, the walk error will start to increase dra-
matically. Furthermore, the output signal will tend to oscillate.
This is because the input damping given by (1) is no longer
valid in this region and the front-end does not work according
to the expected linear circumstances [39].

2) Nonlinear Region Analysis: As the input current of
the TIA increases and the voltage drop over the feedback
resistor comes to exceed the threshold voltage of the auxiliary
transistors,

; )

The two transistors eventually turn on and sink the extra
current in the ground (Mpfp) or source it from the power
supply (MyF). Large signal analysis using the square char-
acteristic of the MOS transistor in this region reveals that the
current flowing to the feedback resistor (which produces the
output voltage of the TIA) is no longer equal to the input
current ;, 774 but instead is proportional to the square root
of it: (IrF «/Tinjrm). This is shown in the Appendix and
can be seen in Fig. 4, in which the current flowing into the
feedback resistor is plotted as a function of the input current
for a conventional TIA and the proposed nonlinear feedback
TIA. It is clear from this figure that the two transistors prove
useful in preventing the TIA from being deeply saturated
by providing a detour to the excessive input current. The
resistance of the feedback path in this region is equal to

\Ver| = |Vos—nF,pr| = |VTH-NF,PF

ZF = Rp | Gor )
and
Gur= Gm,NF
=Ky (Vos,nr — Vruan) —VrF = VTHNF
Gmr= Gm,pPF '
=Kp (Vse.pr —Vru.pl) Ver=|Vru prl
(10)
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where G, yr and G, pr are the transconductances of My r
and MpF, respectively, and Ky and K p are the transconduc-
tance parameters of those transistors, respectively. The aspect
ratios of these transistors (50/0.35 and 15/0.35 for Mpr and
MyF) are such that they demonstrate a much smaller resis-
tance than the Rr for the very large input signals in the region
of which the gain in the core amplifier is heavily suppressed,
and consequently the input resistance is determined by these
two transistors (Rin,774 = Zp ~ 1/Gpur). This is shown in
Fig. 4, too, where the input resistance of the TIA is plotted
as a function of the input current with and without these two
auxiliary transistors. According to this figure, the variation in
the input resistance is much lower in the proposed nonlinear
feedback TIA than in the conventional TIA and the damping
is preserved effectively within a wide range of input currents.
These two transistors continue to shunt the extra currents until
the protection diodes embedded in the input PAD (Dpsp in
Fig. 3) clamp the TIA input voltage. Simulations indicate that,
for the design parameters of 20, 5kQ and 250nH for Ao, RF
and L, respectively, this happens with APD input currents as
large as ~ 30mA. This technique effectively controls the
deviation in the zero-crossing point within a wide range of
the input currents.

III. CIRCUIT LEVEL REALIZATION
A. The TIA

The circuit-level realization of the TIA is shown in Fig. 5.
The core amplifier consists of a boosted cascode stage with
the resistor load and a common source stage, and these are
combined together in a feed-forward manner. Almost all the
gain takes place in the cascode stage, however, as the gain of
the common source stage is set to ~ 1. When a large input
current drives the core amplifier to saturation, this stage will
recover from saturation prior to the cascode stage. Simulations
show that this technique improves the walk error in the
presence of a large I/0 PAD capacitance at the input node [40].

In accordance with this configuration, the high-frequency
pole of the core amplifier (w7) is located at the drain of M»
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Fig. 5. Circuit-level realization of the TIA.

(high impedance node of the core amplifier) and is equal to
1
2 = R.Cx’
where Cy is the stray capacitance of the metal layers and the
parasitic capacitance of the transistors M3, M5 and M>.

The main noise contributors at the input to the receiver
channel are the noise due to the APD itself (i.e. that generated
by the signal current and the dark current of the APD), shot
noise from the background illumination and the electronic
noise of the receiver channel, the last-mentioned usually being
dominant, especially at low signal levels. The dominant elec-
tronic noise sources in the whole receiver channel are the input
transistor of the TTA (M) and the feedback resistor (Rr). The
auxiliary transistors (Mnf and Mpg) are turned off for small
signal levels, and therefore, their impact on the noise behavior
of the front end is negligible. Since we have an LC circuit at
the input, the voltage noise at the output of the TIA can be
calculated as:

(1)

V2 o 2 LI NI .

M%L N(S) + g lR > RrCr LCt L

4T  Rr |DGs) mieL D(s) gm1’
(12)

where g, is the transconductance of M and g,,1 Ry is equal
to the gain of the core amplifier (Ap). y is the noise parameter,
which in the technology used here can be estimated to be 2/3.
k and T are the Boltzmann constant and the temperature
in degrees Kelvin, respectively. The first term represents the
thermal noise of the feedback resistor and has a bandpass
nature around the resonance frequency that is similar to the
transimpedance gain (Z(s)). This is because the current noise
of the feedback resistor goes through the same path as the
input current. The bandpass nature of the feedback resistor
noise improves the total SNR, however, because the important
part of the converted signal is located within the bandwidth
of the bandpass filter while the white noise spectrum of the
resistor is filtered out at both high and low frequencies.
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Fig. 6. Structure of the post-amplifiers.

The second term in (12) represents the noise voltage due
to the channel thermal noise of the input transistor (M7). The
noise generated by other components of the core amplifier is
neglected. This term has a band-stop nature, due to the fact
that the inductor (L) at low frequencies and the capacitor (C7)
at high frequencies will provide a low impedance pass to
the ground and allow the noise of the input transistor to be
amplified by Ag [36], [41].

For precise detection of the incoming pulse, it is important
to minimize the total RMS noise at the input to the timing
comparator [16] by limiting the high-frequency noise. As men-
tioned above, the LC resonator rolls off the high-frequency
noise of the Ry resistor, but it does not attenuate that of the
core amplifier. For this reason w, should be chosen to be low
enough with respect to (5), since it rolls off the high-frequency
noise of both electronic noise contributors. Another consider-
ation, however, is the walk error, which requires that the core
amplifier should be fast enough to recover from saturation in
the case of large input signals. There is, therefore, a trade-off
between noise performance and the walk error. In this design
w2 was chosen to be ~ 2z - 800M H z.

Referring the output noise (12) to the input of the receiver
channel according to (Z(s)) results in:

—— V2. .. 4T 11
2 n,out ~ + _+_+C s

B 2 4kTy
T Zr ()2 R | Ls

8m1

, (13)

RFp T

The first term can be minimized by increasing the feedback
resistance, although at the cost of a lower bandwidth (6).
As mentioned previously, Ry was set to 5kQ in this design and
the bandwidth was adjusted by reference to the core amplifier
gain.

According to the second term in (13), the dominant com-
ponents affecting the noise contribution of the core amplifier
at low, middle and high frequencies are L, Rr and Cr7,
respectively. To minimize the noise, L, Rr and g,,1 should be
maximized while Cr should be minimized taking the target
bandwidth (equation 6), pulse shape (width and rise time) and
the walk error into consideration. Although increasing L limits
the signal bandwidth, g1 can be maximized by increasing
either the aspect ratio (W/L),;; or the bias current of M.
Here an extra bias current of 6.5m A was added to the cascode
stage to boost g,;1. On the other hand, increasing the (W /L)

Ip=2.7mA, 1,,=0.3mA 11=2.7mA, I;;=0.5SmA

results in an increase in Cr. Since at high frequencies the
noise increases as a function of frequency, it is important
to choose the optimum size for the input transistor in order
to minimize the noise peaking ([37], [42]). As mentioned in
section II-A, the target pulse shape defines the required signal
bandwidth. The noise should be minimized while reaching the
target bandwidth, underdamped response of the input RLC
network and minimum possible walk error. In this design, the
inductance L was set to 250n H in the presence of a measured
total input capacitance (Cr) of ~4pF.

B. Post-Amplifiers

A chain of post-amplifiers is used to further amplify the
output voltage of the TIA in order to provide enough voltage
swing at the input to the timing comparator. These ampli-
fiers should be fast enough to recover from saturation at
high input levels, even though their bandwidth should be
limited due to noise considerations, as was mentioned above.
A multistage solution provides multipoles and consequently
filters the high-frequency noise by a higher rate. the optimum
number of stages and type of employed structure (e.g. first
order amplifier with one real pole or a second order one with
two complex poles) depends on the required total gain and
target bandwidth [43]. Since the post-amplifiers are mostly
working in the clipping mode (and not in their linear region,
especially later stages), for a given total gain (A;,;) the opti-
mum number of stages that gives an optimized gain-bandwidth
product (GWB) is (n = In(A;s)) where the gain per stage
should be ~ e(~ 2.718) [44]. Here, the post-amplifiers are
implemented using four-stage low-gain (~ 8 — 10d B each)
high-bandwidth (~ 1G H z each) differential amplifiers. Shown
in Fig. 6, each stage consists of a resistor load differential
amplifier followed by one stage of source follower. The use
of source followers relaxes the loading effect of the following
stage on the high-impedance nodes and simplifies the design
of each individual stage. Furthermore, this structure proves
useful in passing the bipolar signal without affecting the
Zero-crossing point.

C. The Timing Discriminator

The timing discriminator consists of two comparators:
an arming comparator and a timing comparator, as shown
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in Fig. 7. The arming comparator enables the timing com-
parator for valid signals, i.e. those that exceed a predefined
threshold voltage, which is controlled digitally through a DAC
(Digital to Analog Converter). It is usually set according to the
noise level at the input to the arming comparator.

Both the arming comparator and the timing comparator
employ primarily two differential post-amplification stages
similar to those of the post-amplifier. Since the input overdrive
voltage of the arming comparator is less than that of the timing
comparator, the output signal of the former is delayed for small
input amplitudes [45]. This delay should be small enough that
the arm signal does not interrupt the timing moment, which
lies at the next zero-crossing point of the input signal. The
delay decreases, however, as the amplitude of the input signal
increases. The amplified signal of the arming comparator is
fed to a MOS capacitor (Cpros) through another differential
to single-ended stage, the tail current of which (2.2mA) is
large enough to charge this capacitor rapidly while the current
source tied to the capacitor (110u A) discharges it at a very
slow pace. This technique produces a wide enable pulse at the
output of the arming comparator that remains active during
the zero crossings of the timing signal. The amplified signal
in the timing comparator is fed to a regenerative latch to
produce a full swing signal that generates the final digital
pulse. A timing diagram showing the synchronization between
the various parts of the timing discriminator is also shown in
Fig. 7. As can be seen, the width of the output pulse is affected
by the arming comparator, but the final timing mark is defined
by the zero-crossing point of the signal.

IV. MEASUREMENT RESULTS

The proposed TOF receiver was fabricated in standard
0.35um CMOS 4 metal technology. A photograph of the
fabricated die including pads is shown in Fig. 8. Its dimensions
are 1.7mm x 1.7mm. The receiver chip was enclosed in a
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QFN24 package. The receiver channel consumes 47mA of
current from a 3.3V supply. When the analog buffer is enabled
the current consumption rises by a further 8mA.

A block diagram of the measurement environment used as
a TOF laser radar system to evaluate the performance of the
receiver channel is shown in Fig. 9. The whole process, which
includes initializing the TDC, sending a trigger pulse to the
laser driver through the pulse (delay) generator, reading the
measurements from the TDC and programming the registers of
the receiver channel, is governed by an FPGA card. The optical
pulses of the laser are fed to the APD through an optical fiber
and a set of neutral density filters (THORLABS NEKO1). The
variation in the input pulse amplitude is emulated by means
of these optical filters.

The time interval measurement unit employed here was a
two-channel TDC with an LSB of ~ 10ps [46], although
in our experiments just one channel was used. Since no
post-compensation or calibration is needed, this receiver chan-
nel can be integrated with a simplified TDC channel in a
single die.

A. Analog Measurements

The analog properties of the channel were measured through
the analog buffer. This is a differential source-degenerated
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Amplitude [V]

Time [ns]

Fig. 10. Sample analog output for a linear (dashed line) and strongly saturated
channel (solid line).

stage followed by two source follower stages that have a
gain of ~ 1 with a bandwidth of ~ 1GHz in the presence
of a large PCB and output PAD parasitic capacitance. All
the analog measurements were performed using a 1 GHz
KEYSIGHT MSOX3104T oscilloscope and a 3.5 GHz Agilent
1131A active probe system.

Typical output signals measured from the analog output
buffer are shown in Fig. 10 for small and very large input
amplitudes. As can be seen in both cases, pulse-shaping clearly
takes place. The deviation of the zero-crossing points, which
corresponds to the walk error is also shown. It should be noted,
however, that this measurement cannot be referred to evaluate
the walk error of the receiver channel, because the parasitic
capacitance of the measurement probe and PCB may affect
the zero-crossing points.

The trans-impedance gain in the receiver channel was
measured by applying an electrical pulse of ~ 3ns FWHM
to the input. In this measurement, the APD is biased by over
50V, in which region the parasitic capacitance of the APD is
minimal. The measured trans-impedance gain is ~ 1.2MQ or
~ 121d BQ. The measured electrical noise of the channel was
~ 80mVRMS, or ~ 70nARMS when referred to the input.

In the bandwidth measurements, the results of which are
shown in Fig. 11, a white light source (representing a broad-
band noise spectrum) was applied to the APD in order to excite
the receiver channel. The resulting output voltage spectrum
is shown in this figure along with a trend line representing
the frequency response of the channel. The measured band-
width was ~ 205M Hz and the LC tank resonance frequency
~ 155M Hz. According to simulation the bandwidth in the
channel (without the effect of parasitic capacitances of the
analog buffer output node and the measurement probe) is a
little higher than this value and can be approximated to be
~ 230 —240MHz.

B. Walk Error and DR Measurements

A MOS driver-based laser transmitter was used to study
the walk error and DR of the proposed receiver channel.
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The laser (LD905D1S) can deliver pulses of different widths
and rise times at a wavelength of around 905xnm. The max-
imum peak power it can deliver for the target pulse shapes
is ~ 20W. Three laser pulse shapes were used to study
the performance of the proposed receiver channel (Fig. 12),
the DR and precision measurements being run for each pulse
shape as explained below. These pulses were generated by
changing the charging capacitor inside the laser driver loop.
As explained in [47], the use of a smaller capacitance produces
shorter pulses, but the peak power delivered is also reduced.
The pulses were measured using a broadband optical probe
(25GH?z), while the bandwidth of the measurement oscillo-
scope was set to 250M Hz (close to the bandwidth of the
channel, solid lines). The dashed lines show the unfiltered
version of the measured pulses.
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TABLE I
MEASURED DR IN WHICH THE WALK ERROR < £100ps
fnput Pulse Min. and max.
width/Rise time DR d";tiegz:ge Min SNR
3.2ns/1.2ns 1:50,000 600nA : 30mA 9
2.6ns/ 1.2ns 1:70,000 900nA : 64mA 13
2.3ns/1.2ns 1:70,000 900nA : 64mA 13

The DR and walk error measurements were performed using
the test environment shown in Fig. 9. An electrical start pulse
sampled from the signal current of the laser is used to trigger
the start channel of the TDC. The laser pulse amplitude was
swept over a DR of 1 : 600,000 using THORLABS neutral
density filters and the APD bias voltage was set to 130V to
ensure an internal gain of ~ 100 in the APD. Eight thousand
measurements were run for each measurement point to achieve
reliable statistical accuracy.

The results of the walk error measurements obtained using
the pulse shapes described here are shown in Fig. 13 and
summarized in Table I. The threshold level of the arming com-
parator was set to SNR >~ 8(according to the simulations).
As can be seen, the walk error remains within ~ £100ps
in a DR of at least 1 : 50,000 for all three input pulse
types. These measurements show the effect of pulse variation
on the performance of the receiver channel. The walk error
curves approximately follow the same pattern especially in the
case of 2.6ns and 2.3ns, for which their rise times are equal.
The minimum detectable signal is nevertheless increased as
the input pulse becomes narrower because the 3.2ns pulse
is a better match for the bandwidth of the receiver channel
designed according to (7). In the 2.6ns and 2.3ns cases, the
bandwidth of the channel cannot preserve the fast edge of the
pulse completely and pulse detection/shaping is done while
some portion of the pulse energy is being filtered. As can be
seen in Fig. 13, however, the proposed technique can measure
within a wider DR given a higher walk error tolerance.
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Fig. 14. The timing jitter (¢ value) as a function of the input amplitude.

C. Timing Jitter and Single-Shot Precision

The single-shot precision of the receiver was studied by
measuring the timing jitter of the timing point, yielding the
results shown in Fig. 14, in which eight thousand measure-
ments were performed for each point and the standard devi-
ations (o value) of the measured stop times were calculated.
According to Fig. 9, the other contributors to the measured
timing jitter are jitter in the laser start pulse and jitter in
the TDC itself. However, as long as the jitter from these
two sources is sufficiently small relative to the timing jitter
of the receiver channel, their impact will be negligible. The
best measured timing jitter for all pulse shapes was ~ 23 ps,
obtained under conditions in which the jitter was limited due to
the saturated rise time of the output pulse and limited precision
of the measurement environment, as mentioned above.

The distribution of the measured stops is shown in
Fig. 15 for four signal levels of the 3.2ns pulse shape.
Improvement in the jitter can be seen, as the signal level
increased relative to the noise. The shift seen in the peak point
(around which the average point is located) represents the walk
erTor.

D. Temperature Drift

The effect of temperature variation on the performance of
the receiver channel was studied by placing the receiver PCB
in an oven and sweeping the environment temperature from
0°C to 50°C in 10°C steps. The rest of the system was kept
outside the oven. The temperature drift of the APD gain was
compensated for by +0.45V/0¢(130V at 23°C) according
to the datasheet. For each temperature point, a walk error
measurement was run (same procedure as of Fig. 13). The
results of these measurements, for which 2.6ns pulses were
used, are shown in Fig. 16. The walk error of the receiver
channel shows average temperature drift of ~ 3.54 ps / oc for
APD input currents below 100mA and ~ 3.92ps / oc for the
whole range shown in the figure. As can be seen, the walk error
exhibits a uniform behavior within the measured temperature
range even when the signal level causes intense saturation of
the channel.
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TABLE II
SUMMARY OF THE MEASUREMENT RESULTS AND COMPARISON WITH THE STATE OF THE ART
This work [20]/2017 [291/2018 [241/2018 [23]/2009 [33]/2014 [1]/2013 [35]/2006
Technolo CMOS CMOS CMOS CMOS CMOS CMOS CMOS BiCMOS
ey 0.35um 0.35um 0.18um 0.18um' 0.13um 0.35um 0.13um? 0.35 um
Power
Consumption 155 180 8* 29.8" 45 79 114 79
(mW)
Bandwidth (MHz) 230 230 50 720 300 140 640 1600
Input Referred
Noise Current 70 100 10.8 170 95 17 119 190
(nA RMS)
A""”ra%o(cmm) @ +15 4 NA NA 5.5 £210 NA 5.5
DR 1:50,000 1:100,000 1:7,000 1:11,760 1:10,000 1:12,000 1:1600 1:1280
Prf;‘;;)"“ 15(SNR=12) | 26 (SNR=13) NA NA 38 (SNR=25) NA NA 33(SNR=10)
Min. detectable 0.6 1 0.4 NA 2 0.053 NA 1.9
signal (pA) ( SNR=9) (SNR=10) (SNR=37) (SNR=20) (SNR=3.3) (SNR=10)
Temperature Drift +14.7 +18 NA NA +22.5 +45 NA +7.7
(mm)
Temperature 0 to +50 20 to +50 NA NA -10 to +70 -40 to +85 NA -30 to +60
Range (°C)
. Constant
Walk . Pu1s§ Wl(.ith Front end Front end Rise-time delay Font N nd
Compensation Not needed and rise-time . . : Gain Not needed
. Gain control | Gain control measurement detection/
technique measurement gain control control
Front end Pulse- current mode | Feedforward Pulse-
technique shaping R-TIA TIA + R-TIA R-TIA C-TIA R-TIA shaping
*front end only, 'PIN input photodiode, “designed for a sampling-based receiver
1100 1000
1000 SNR=1050, 6=30ps 800 -1 4-HHHE -4 HHH- - F{{HH0- - LA TLe L 1
900 ———— _ _
w00 SNR=120, 6=50ps — 600 T 1 HifE=1114RH- - F A== F 11 4 -+ HH--FHEHHH - A
é o0 SNR=12, 6=103ps ? ot 1 A ) 1
= XXX EY) SNR:9, 0:180ps E 0°C to 5 P: with 10°C ‘t’I
o 600 200 T-11010F TR0~ F - F 1R - -F T HR--F - LAY
S “ % X
L 500
£ '. o) ==/
a 400 \ v
\ 1. — = L
300 ‘;v - -200
200 VN -400 ‘
epte’ e 3 4 s 6
100 l\ x.... 0.1 1 10 100 10 10 10 10
0 N N .., Input amplitude [HA]
12 12.2 124 12.6 12.8 13 i ) o
time interval [ n S] Fig. 16. Temperature drift of the timing walk error.
Fig. 15. The hit distribution of the measured stops for four different SNR.

V. DISCUSSION

This paper has proposed a new type of receiver channel
based on input pulse shaping and has reported on its design
and measurements. The effect of input pulse variation and
temperature drift on the performance of the receiver were also
analyzed. Three pulse shapes with different widths and rise
times were used in the measurements. Relatively consistent
behavior was seen in terms of the walk error and timing jitter
of the receiver channel for these three pulse shapes. In the
case of 3.2ns pulses, a minimum detectable signal of 6001 A
(SNR = 9) was measured, while the DR, in which the walk

error was less than £100ps (£15mm), was 1 : 50, 000. The
receiver channel showed a temperature drift of ~ £1.47cm in
the temperature range 0°C — 50°C.

A summary of the measurement results by comparison with
state-of-the-art receiver channels is shown in Table II. The
key point here is that the proposed receiver channel does not
employ any post-compensation or gain control techniques to
achieve the present results. This important feature considerably
reduces the total complexity of the TOF system and the total
measurement time. Furthermore, the receiver channel can be
integrated into a simplified TDC on a single die, since the
only parameter to be discriminated is the zero-crossing point
of the converted pulse.
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The receiver proposed in [33], for example, incorporated
a C-TIA for the front end to achieve a very low noise level
and used a constant delay detection method to compensate
for the walk error, which needs collaboration with the TDC
unit. Another design, reported in [29], adopted front end gain
control and achieved a DR of 1:7,000, which is relatively wide
for gain control-based front ends. The measurement process
nevertheless needs extra information from the signal to set the
proper gain for each measurement point.

The receiver reported in [35] is comparable to that proposed
work here since it is the only one to use front-end pulse
shaping immediately at the input. The minimum detectable
signal in that design is limited to ~ 2u A due to the use of
a relatively small front-end resistor (1.2k€2) which generates
a relatively high level of noise at the input. Another issue in
that design is that the current-to-voltage conversion takes place
immediately at the input to the receiver channel, which limits
the maximum acceptable input current that can be detected.
Both of these problems were addressed here by combining the
LC resonator with a non-linear feedback TIA.

APPENDIX

According to Fig. 3, and assuming that the input current is
sourced to the input node, the current flowing to the feedback
resistor (Rr) can be designated as

IR = lin,T14a — IpPF, (14)
We assume that the input current is large enough to turn on
the transistor Mpp. Then we have:

VsG,pr=RrlIgF

2 b
IPFZ% (VsG,pF = Vru.pl) RElinr1a=|Vry pl
(15)

where Ipr and Vg, pr are the drain current and source-gate
voltage of the M pr transistor respectively. By substituting (15)
in (14) and re-arranging it, the result will be

Kp
— Rilgp+ (1= KplVrp plRF) Irr
Kp_,
“FTVTH,})_Iin,TIA:Oa (16)

Equation (16) is a quadratic equation with respect to /g, and
solving it for Igr will result in

IrF
_ KAVry plRF=1H/1+2Kp Re (R lin 714 — Vra pl)
- KpR2

a7

which denotes a square root relation between Igrr and I;,.
A similar equation can be derived when the transistor MyF is
turned on for the sinking input currents from the input node
(given that the TIA input current is a bipolar signal). The
square root function of Igr when the input current is large
enough can be seen clearly in Fig. 4.
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