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Baharmast, Aram, Wide dynamic range CMOS receiver techniques for a pulsed
Time-of-Flight laser rangefinder. 
University of Oulu Graduate School; University of Oulu, Faculty of Information Technology
and Electrical Engineering
Acta Univ. Oul. C 792, 2021
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

The aim of this thesis work was to develop integrated receiver electronics for a wide dynamic
range pulsed Time-of-Flight (TOF) laser radar. The receiver electronics were intended to cover a
dynamic range of at least 1:10,000 of the input optical pulses with a high level of accuracy and
precision without applying timing walk error compensation or gain control methods. The timing
discrimination scheme proposed here was based on front-end unipolar-to-bipolar conversion
realized immediately at the receiver input and marking the zero-crossing point of the bipolar signal
as the timing point. The front-end circuit level implementation included an off-chip LC resonator
combined with a nonlinear shunt feedback TIA that convert the photodetector (APD) input pulse
to a damped sinusoidal voltage signal.

The relations between the proposed receiver channel characteristics (i.e., bandwidth and
noise), the input pulse width, and the desired system-level performance, including high sensitivity,
low walk error and high timing precision, were analysed. A receiver chip based on this technique
was developed and fabricated in 0.35 μm AMS standard CMOS technology. The chosen laser
pulse width was 2-3 ns FWHM and the measured bandwidth and input-referred noise of the
receiver were 230 MHz and 70 nA RMS, respectively. The receiver showed ±100 ps walk error
for a dynamic range of 1:50,000 and its single-shot precision was 100 ps at SNR=12. The
functionality of the receiver over the input pulse and temperature variations was also studied.

Additionally, a laser radar based on this receiver technique was developed to study the usability
of the receiver in real LiDAR measurements. A measurement set-up was constructed in which the
intensity of the reflected echoes could vary in a 1:300,000 dynamic range by sweeping the
Lambertian and retroreflector-type targets over a 3-35 m distance range. The resulting timing
accuracy of the laser radar within this dynamic range was ±3.5 cm.

Keywords: laser rangefinding, optical receiver, pulse shaping, pulsed TOF, timing
discrimination, timing walk error





Baharmast, Aram, . Laajan dynaamiikan omaava CMOS-vastaanotin valopulssin
kulkuaikamittaustekniikkaan perustuvaan lasertäisyysmittaukseen
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Tieto- ja sähkötekniikan tiedekunta
Acta Univ. Oul. C 792, 2021
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Väitöskirjatyön tavoitteena oli kehittää integroitua vastaanotinelektroniikkaa valopulssin kulku-
ajan mittaukseen perustuvaan laseretäisyysmittaukseen. Vastaanottimella tavoiteltiin hyvää mit-
taustarkkuutta laajalla tulopulssin dynaamisella alueella (>1:10 000) ilman erillisiä ajoitusvir-
heen kompensointi- tai vahvistuksensäätörakenteita. Työssä esitetään ajoitusilmaisurakenne, jos-
sa ajoituspulssi muunnetaan unipolaarisesta bipolaariseksi välittömästi vastaanotinkanavan
tulossa, jolloin bipolaarisen signaalin nollaylityskohta ilmaisee ajoitushetken tarkasti laajalla
tulopulssin amplitudialueella. Etuasteen piiritoteutus sisältää ulkoisen LC-resonaattorin sekä
epälineaarisen transimpedanssiesivahvistinasteen, jotka muuntavat valoilmaisimelta saadun tulo-
pulssin bipolaariseksi jännitesignaaliksi.

Työssä analysoitiin vastaanotinkanavan keskeisten parametrien (kaistanleveys, kohina, tulo-
pulssin leveys) vaikutukset systeemitason suorituskykyvaatimuksiin, joita ovat suuri herkkyys,
pieni ajoitusvirhe sekä hyvä mittaustarkkuus. Työssä kehitetty vastaanotinpiiri suunniteltiin ja
valmistettiin AMS:n 0.35 µm CMOS-teknologiaan perustuen. Testauksissa käytetyn laserpuls-
sin leveys oli 2-3 ns. Toteutetun vastaanottimen kaistanleveys on 230 MHz sekä tuloon redusoitu
virtakohina 70 nArms. Vastaanottimella saavutettiin ±100 ps:n ajoitusvirhe ja 100 ps:n
(SNR=12) kertamittaustarkkuus laajalla vastaanotinkaikupulssin dynaamisella alueella (1:50
000). Työssä mitattiin myös piirin toiminnallisuutta eri pulssin leveyksillä sekä eri lämpötiloissa.

Työssä kehitettiin myös lasertutka, jolla mitattiin vastaanotintekniikan toiminnallisuus lasere-
täisyysmittausympäristössä. Mittauksissa tulokaiun voimakkuutta pystyttiin säätämään 1:300
000 dynaamisella alueella kohteen heijastuskerrointa vaihtelemalla sekä muuntamalla kohteen
etäisyyttä 3 metristä 35 metriin. Mittaradalla saavutettiin ±3.5 senttimetrin tarkkuus kyseisellä
dynaamisella alueella.

Asiasanat: ajoitusilmaisu, ajoitusvirhe, laseretäisyysmittaus, optinen vastaanotin,
pulssin muotoilu, pulssitettu aikavälimittaus
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List of abbreviations and symbols 

ADC analog-to-digital converter 

AGC automatic gain control 

APD avalanche photodiode 

ARC CFD amplitude rise time compensated CFD 

BiCMOS bipolar-CMOS, a semiconductor technology containing bipolar and 

CMOS transistors 

BW bandwidth 

CFD constant fraction discriminator 

CMOS complementary metal oxide semiconductor process 

CW continuous wave 

DAC digital-to-analogue converter 

FOV field of view 

FWHM full-width-at-half-maximum 

HV high voltage 

IC integrated circuit 

InGaAs Indium Gallium Arsenide 

LD laser diode 

LiDAR light detection and ranging 

MEMS micro-electro-mechanical system 

NMOS n-channel MOS 

MOS metal-oxide semiconductor 

ND neutral density 

PCB printed circuit board 

PIN p-i-n photodiode 

PMOS p-channel MOS 

Q quality factor 

QFN quad flat no-leads package 

RADAR radio detection and raging 

RC  resistor-capacitor 

RF radio frequency 

RGC regulated cascode 

RLC  resistor-inductor-capacitor 

RMS root mean square 

Si silicon 
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SNR signal-to-noise ratio, here the ratio of the peak-to-peak signal 

voltage to the RMS of the signal noise 

SONAR sound navigation and ranging 

SPAD single photon avalanche photodiode 

SRF self resonance frequency 

TDC time-to-digital converter 

TIA transimpedance amplifier 

TOF time-of-flight 

dTOF direct time-of-flight 

iTOF indirect time-of-flight 

CAPD photodiode capacitance 

Cc coupling capacitance 

CT total input capacitance 

CPAD pad capacitance 

c speed of flight 

f frequency in Hz 

k Boltzmann constant 

N number of measurements 

PR received optical power 

PT output power of the laser diode 

R measurement range 

r radius of the effective aperture of the receiver optics 

RF feedback resistance 

RL load resistance 

Rin,TIA input resistance of the TIA 

R0 responsivity of photo detector 

T temperature in Kelvin 

T(R) overlap function 

tr rise time (from 10% to 90%) 

ts slew time, from positive peak to negative peak 

tRC electronic delay 

Vin,TIA TIA input voltage 

Iin,TIA TIA input current 

VTH threshold voltage of transistor  

ZF nonlinear impedance of the feedback path 

Δt time difference between start and stop signal 

θ divergency of the laser beam 
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ρ reflectivity of the target 

σ timing jitter, standard deviation of measurement 

σnoise standard deviation of the receiver noise 

σt standard deviation of the timing point 

σt,N standard deviation of the timing point after averaging N 

measurements 

τT transmission of transmitter optics 

τR transmission of receiver optics 

ω angular frequency in rad/s 

γ extinction coefficient  
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1 Introduction 

LiDAR (Light Detection and Ranging) refers to optical remote sensing techniques 

and devices that define the position, dimensions, or movement of a target. The use 

of the light wave is the main feature that differentiates LiDARs from their RADAR 

(Radio Detection and Ranging) or SONAR (Sound Navigation and Ranging) 

counterparts. Due to the use of shorter wavelengths (Near Infrared (NIR), 700 nm 

to 1600 nm), and easier collimation of the measurement beam, LiDARs can provide 

higher spatial resolution when used in ranging applications of up to a few hundreds 

of metres to non-cooperative (Lambertian type) targets.  

LiDAR devices have been widely used in many applications, including 

measuring levels in silos, profiling hot surfaces in the steel industry, collision 

avoidance, tracking of terrestrial, marine or space targets and military uses. The 
traditional one-dimensional LiDAR (which is the focus of this thesis) forms the 
backbone for the more sophisticated 2D and 3D range imagers that are in great 
demand in fields such as autonomous driving, intelligent robots, and consumer 

electronics (games), for example (Beraldin, 2004; Kostamovaara, Liang et al., 2016; 

Maatta & Myllylä, 1992; Riegl, 2020a).  
Optical distance measurement methods can be categorized technically as either 

Interferometric, Triangulation or Time-of-Flight (TOF) methods (Amann, Bosch, 

Lescure, Myllylä & Rioux, 2001; Bosch & Marc, 1995). Interferometric methods 

rely on the wave properties of light, extracting distance information from the 

superimposition of reflected echo and transmitted reference light. These techniques 

are widely used in near range applications (a few metres) due to their capability for 

providing a high range resolution of one millimetre or even a micrometre 

(Behroozpour, Sandborn, Wu, & Boser, 2017). In triangulation methods, two 

accurately allied cameras extract target distance information based on a geometrical 

triangle constructed between the cameras and the target. Since no light source is 

used in this technique and it relies on ambient light, it is known as passive 

triangulation. This also implies that it cannot be used in the dark. In another version 

of this technique, known as active triangulation, one camera is replaced by a light 

source that projects a structured light towards the scene to measure distance under 

conditions of no ambient light. This technique needs very accurate camera 

alignment and complicated post-processing, however (Geng, 2011). 

One successful approach for long-range distance measurement is the TOF 

method, in which the distance is resolved based on the round-trip time (i.e., flight 

time) of a transmitted light signal to the target and back to the receiver. One 
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advantage of TOF systems over the triangulation method is that both the transmitted 

signals and the returning echoes follow the same direct path to the target and back to 

the receiver  (Amann et al., 2001). This technique can be further divided into two 

subcategories, indirect and direct (iTOF and dTOF), based on the transmitter 

scheme and the measurement technique employed in the receiver. In the iTOF 

method, the optical power of the laser is intensity-modulated by a high frequency 

carrier (typically in the range 10–100MHz). The distance is obtained from the phase 

difference between the transmitted signal and the reflected echoes. The detected 

signal is shifted to lower frequencies on the receiver side using a demodulation 

scheme enabling high-resolution phase discrimination and simplified receiver 

design (Koskinen, Kostamovaara, & Myllylä, 1992). This technique can achieve 

high accuracy levels in near-range applications, but its maximum unambiguous 

range (Rmax) is limited due to the high modulation frequency (fmod.) that it employs 

(Rmax=c/2fmod.). One way to extend this range without compromising on precision 

is to employ several modulation frequencies (Payne, Dorrington, Cree & Carnegie, 

2009; Smith, 1980), but this is possible at the cost of higher complexity in the laser 

radar system. 

Another well-established technique for measuring distance is dTOF, also 

referred to as the pulsed TOF method. In this technique a short, energetic pulse of 

light is sent towards the target and the distance (R) is resolved directly from the 

round-trip time (Δt) of the reflected echo (R=cΔt/2). Contrary to CW-based 

methods, the unambiguous range in this technique is not limited to a few tens of 

metres, because the typical pulsing rates used are around ten to several hundred 

kHz. Furthermore, this technique achieves centimetre or millimetre-level precision 

even with a single measurement, because the optical power of the laser is 

concentrated at the moment of timing, contrary to CW-based techniques, in which 

continuous emission with a much lower peak power is typically used.  

The detection method on the receiver end of a pulsed TOF system (which is 

also valid for iTOF laser radars) is another consideration that allows these systems 

to be divided into two categories: Geiger mode versus Linear mode detection. In 

Geiger mode, the photodetector, which is typically a variant of an Avalanche Photo 

Diode (APD), is reverse-biased above its breakdown voltage, so that the absorption 

of a single photon in its depletion region may trigger an avalanche process and 

result in a fast current signal at the detector output.  Since the avalanche in this 

region is not a self-controlled process, it is usually stopped after the breakdown by 

active or passive quenching using proper control electronics. One obvious benefit 

of this method lies in its high sensitivity to a small number of detected photons 
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(ideally one photon), so that there is no need for complicated receiver electronics 

to produce a digital-like signal (McManamon et al., 2017). With recent advances in 

integrated SPADs (Single Photon Avalanche Photodiodes) and the availability of 

sufficiently powerful lasers (e.g., ~5–10 W) that can supply sub-nanosecond pulses 

(e.g., 100–200 ps), this approach enables high spatial resolution 3D imaging to be 

achieved, especially in near-range applications (Jahromi, Jansson, Keranen & 

Kostamovaara, 2020). However, due to the need for recovery after each detection, 

it cannot easily detect multiple echoes within a single measurement. Moreover, 

dark current, background-induced noise or thermal noise in the APD may produce 

false triggering and even completely block the receiver. This issue is usually 

addressed by employing an array of SPADs (instead of a single SPAD) to detect 

multiple echoes per laser pulse and time gating of SPADs, i.e., power on each SPAD 

for only a small portion of time and then it is quenched. This technique can reduce 

the noise triggering probability in collaboration with a multi-channel TDC (Time 

to Digital Converter) (Huikari, Jahromi, Jansson & Kostamovaara, 2018; 

Kostamovaara et al., 2015). 

Linear detection mode is the more traditional approach used in pulsed TOF 

radars. Here the photodetector is biased below its breakdown voltage and produces 

a signal current proportional to the received optical pulse intensity. The resulting 

signal current is stopped automatically at the end of the optical exposure.  In this 

mode the background-induced noise does not block signal detection but instead 

adds extra noise to the receiver input. This advantage makes the mode attractive for 

long-range and high background illumination applications, since, contrary to 

Geiger mode receivers, they do not need consistent monitoring against false 

triggering.  The linear detection mode needs high-speed analog circuit design 

techniques, however, since short pulses (typically <10 ns Full Width at Half 

Maximum (FWHM)) are used, which brings up the noise and signal bandwidth 

problems. A crucial challenge associated with linear mode receivers is the 

systematic error introduced by extensive variation in the amplitude of the echo 

pulse, which can be as large as 1:10,000 or even more, depending on the reflectivity 

of the target, distance, weather conditions and the quality of the optics used for the 

laser radar. This systematic error is known as the timing walk error.  

One possible way to tackle the walk error (and also to improve sensitivity, 

albeit at the cost of measurement time) is to sample the photodetector output signal 

continuously and to convert these measurements to digital data using a high-speed 

Analog-to-Digital Converter (ADC) and extract the timing information using 

digital signal processing algorithms (Li, Chen, Gu & Qian, 2013; Texas Instruments, 
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2016; Trong-Hieu Ngo et al., 2013; Xie, Xu, Wang, & Li, 2019). This way the walk 

error free timing point can be extracted accurately. However, this approach requires 

high speed (sampling rates of a few hundred Megahertz) and a multibit ADC for 

precise timing since ns-range pulses are typically used. Moreover, the digital 

domain algorithm imposes extra resource and power costs on the laser radar system. 

Consequently, a considerable power consumption (W-range) is needed in this 

approach, especially with multi-channel and 2D/3D realizations (Riegl, 2020b).  

In another well-known approach, known as event-based timing, a TDC is used 

instead of the ADC and the time interval is measured between the start pulse of the 

laser and the echo reflected from the target. In this technique the TDC is triggered 

only when the detected signal echo exceeds the noise by a certain SNR (Signal to 

Noise Ratio) margin. Since the need for continuous sampling is eliminated, the 

power consumption is substantially reduced and a highly integrated laser radar 

realization is enabled. Nevertheless, this approach still requires a walk error 

compensation scheme to alleviate the resulting amplitude-dependent systematic 

error. This issue will be discussed in more detail in Chapter 2. An interdisciplinary 

approach based on both the techniques mentioned above has also been proposed 

recently as a means of obtaining a rough estimate of the timing point using the TDC 

and fine-tuning the results using the sampled data (Liu, Liu, Li & Zhu, 2020; 

Yoshioka et al., 2018).   

1.1 Aim and scope  

The aim of this work was to develop high-speed receiver electronics for a linear 

detection mode event-based dTOF laser radar that can cover a wide dynamic range 

of more than 1:10,000 in its input optical pulses without requiring walk 

compensation (i.e., separate pulse-shape dependent calibration). The dynamic 

range of a laser radar used in ranging applications is defined as the ratio of the 

maximum signal current at the output of the optical detector that can be detected 

and accurately time-discriminated by the receiver electronics to the minimum 

signal. Covering such a dynamic range is a critical challenge, because, if e.g., the 

minimum detectable signal (which is usually set by the floor noise at the input of 

the receiver) is ~0.1–1 µA, the receiver should be able to accurately position the 

timing moment of the reflected echoes up to 10–100 mA. The goal here was to 

accomplish this with centimetre-level accuracy without employing walk 

compensation or gain control techniques. The wide dynamic range receivers 

described in the previous literature use various post-compensation or gain control 
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methods, thus increasing the complexity and power consumption of the laser radar 

or limiting its measurement speed.  

1.2 Contributions and structure of the thesis 

The contribution made by this thesis is to develop integrated circuits for a high-

speed event-based TOF receiver intended for wide dynamic range applications. It 

describes the challenges associated with design such a receiver and development 

of a receiver that will meet the thesis goals. The proposed technique is based on 

unipolar-to-bipolar pulse shaping at the input of the receiver channel. The detected 

echo pulse is converted to a bipolar voltage signal and amplified through the 

channel. The first zero-crossing point of the converted signal is marked as the 

timing point. Various characteristics of the receiver electronics are then analysed, 

and the rationale behind the choice of topology is discussed. The design of the 

CMOS receiver chip was then verified through chip-level and system-level 

measurements carried out in a LiDAR environment. It will be shown that, when 

using mainly 3ns FWHM laser pulses, the proposed receiver technique can cover a 

dynamic range of 1:200,000 with an accuracy of ±1.5 cm.  

The thesis is organized as follows: The most critical parameters and issues in 

the design of a pulsed TOF receiver are discussed in Chapter 2. Both random errors 

and systematic errors (i.e., jitter and timing walk) in relation to receiver 

characteristics are discussed. The state-of-the-art solutions proposed for designing 

an accurate, wide dynamic range receiver are briefly reviewed in Chapter 3. 

Chapter 4 is then devoted to the proposed receiver architecture and its design 

considerations. The circuit and system-level measurements carried out to verify its 

functionality are also discussed. In Chapter 5 a comparison is made between the 

results achieved here and other recent implementations of a wide dynamic range 

receiver. The final remarks in Chapter 6 summarize the thesis and provide hints for 

future works. 

The contributions of the original papers included in this thesis are as follows. 

The basic idea was first put forward in Paper I, in which a front-end LC tank was 

employed to convert the detected current pulse of an APD to a bipolar current signal. 

A nonlinear shunt feedback transimpedance amplifier (TIA) was then used to 

convert the bipolar current to a voltage signal. This paper discussed the potential 

for such a receiver front end to cover a wide dynamic range of input optical pulses 

without including the large input node capacitance of the input PAD and bonding 
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wires. For this reason, the bandwidth reported in that paper is higher than in the 

subsequent papers.  

The first circuit-level implementation and brief simulation results regarding the 

whole receiver chip were reported in Paper II. The circuit-level realization of the 

receiver chip includes a single-ended TIA, a set of post-amplifiers, a timing 

discriminator (including an arming comparator and a timing comparator), an analog 

buffer (for measurement purposes), a bias unit, control registers and a digitally 

controlled arming threshold voltage generator. The rationale behind choice of 

circuit topologies and the main block design challenges were also discussed in that 

paper. 

Paper III analysed the noise considerations relevant to the proposed receiver 

front end. Due to the use of the front-end LC resonator in the receiver structure, the 

noise behaviour of the front-end differs from that of a conventional shunt feedback 

TIA. The paper also analysed the effect of various design parameters on the noise 

performance of the receiver channel. At the same time the design trade-offs 

required to maintain the necessary bandwidth and minimize the timing walk error 

were discussed. Only the TIA front-end parameters were considered in the analysis, 

however, as noise in the latter stages only marginally affects the total input noise. 

In Paper IV the complete chip level measurements were reported along with a 

comprehensive small and large signal analysis of the TIA front-end. It was shown 

how the proposed nonlinear TIA can handle both small and large input signals. 

Details of the chip-level measurement procedure and results were also shown. The 

measured receiver bandwidth was 230 MHz, the input-referred noise current 70 nA 

RMS, and the walk error ±100 ps over a dynamic range of 1:50,000. Furthermore, 

the effects of optical pulse and temperature variations on the accuracy and dynamic 

range achieved were also studied experimentally.  

Paper V was concerned with system-level characterization of the receiver 

channel when used as part of a laser radar in a LiDAR environment, and discussed 

system-level equations for a laser radar set up and the relationship between the laser 

transmitter and receiver parameters.  The resulting laser radar was tested in a 35 m 

measurement track to verify its nonlinearity error, the results indicating that a 

combination of variations in the distance and the reflectivity of the target can cause 

an optical pulse variation in a dynamic range of 1:300,000.  The laser radar 

demonstrated a nonlinearity of ±3.5 cm in this dynamic range or ±1.5 cm in a 

dynamic range of 1:200,000.  The timing jitter of the detected timing points was 

studied in both Paper IV and Paper V, by measuring the standard deviation of the 
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time interval hits. The minimum timing jitter was ~20 ps, or ~3 mm in distance 

terms. 
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2 Fundamentals of a pulsed TOF laser radar 

2.1 Basic operation 

A typical pulsed TOF laser radar operating according to an event-based approach 

is shown in Fig. 1. The laser transmitter produces high-speed optical pulses, and a 

set of optics collimate each optical laser pulse on the target surface and the reflected 

echo on the entrance pupil of the photodetector. The photodetector itself, an APD 

or PIN (for linear detection mode), converts the detected optical pulse to a current 

signal. The receiver channel amplifies the detected pulse and accurately 

discriminates its timing point, which is then fed to the TDC for time interval 

measurement. 

Fig. 1. Conceptual block diagram of a pulsed TOF laser radar. 

The laser transmitter electronics usually employs the RLC-type switching approach 

and a high-speed driver that can deliver current rates above 10 A/ns to the high 

power laser diode (LD) to produce a peak power of 10–40 W and 3–5 ns FWHM 

optical pulses. Commercial off-the-shelf drivers can nowadays provide such level 

of performance which is adequate for ranging applications operating over distances 

of several tens of metres to Lambertian-type targets with typical receiver aperture 

sizes (e.g., 2–3 cm diameter) and a typical receiver noise floor.  

The optical power (PR) received at the receiver's aperture can be found from 

the LiDAR (Radar) equation 
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 𝑃 𝑅 𝑇 𝑅 𝑒 , (1) 

where PT is the output power of the laser diode, τT and τR are the transmissions of 

the transmitter and receiver optics, respectively, ρ is the reflectivity of the 

Lambertian-type target, r is the radius of the effective aperture of the receiver optics, 

and R is distance. T(R) and the exponential term represent the overlap function and 

atmospheric effect in the LiDAR measurements, respectively. The overlap function, 

which shows the impact of the fixed paraxial optics on the received signal level, is 

assumed to be 1 for ranges in which the detector sees the whole laser spot image 

and less than 1 in any other case. The exponential term represents attenuation and 

variation in the reflected echo due to atmospheric conditions. γ is the extinction 

coefficient and is usually considered to be zero for ranges below some hundreds of 

metres, except in the case of severe atmospheric conditions caused by smoke, dust, 

or smog, for instance (Määtta, Kostamovaara & Myllylä, 1993; Radio Corporation 

of America (RCA), 1974). The photodetector converts the received power to a 

signal current according to its responsivity (R0) 

 𝑖 𝑅 𝑃 𝑅 𝑅 . (2) 

The two off-chip photodiodes widely used as photodetectors in linear mode laser 

radars are the APD and PIN types. APD is superior as it provides internal gain and 

higher responsivity, but at the cost of higher bias voltage requirements (APDs: 50–

200 V vs. PINs: 5–10 V). The exact characteristics of each APD depend, of course, 

on its internal structure, doping profile and the material used in it (Singh, Srivastav, 

& Pal, 2011). Although these details do not lie within the scope of the present thesis; 

however, from a system-level point of view, three types of commercial APD are 

widely used in LiDARs: silicon (Si), Germanium (Ge) and InGaAs types.  

Generally speaking, Si APDs offer an internal gain of 50–100 (or more) and 

responsivity of 30–50 A/W in 300–1100 nm wavelength ranges and are thus well 

suited for LiDAR applications at NIR wavelengths (e.g., 800–905 nm). While Ge 

and InGaAs APDs can work at eye-safe wavelength ranges (above 1400 nm), their 

typical internal gain (1–10) and responsivity (5–20 A/W) are much lower than those 

of an Si APD  (PerkinElmer, 2010). The eye safety limit can still be fulfilled at 

wavelengths below 1400 nm by controlling the average illumination power of the 

laser. In addition, the dark current of an Si APD is much lower than that of an APD 

working in an eye-safe region, especially where Ge APDs are concerned (typically 

below 1nA vs. 10–100nA). Dark current noise can be a limiting factor when a high 
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sensitivity receiver channel is needed. Typical examples of APDs used in LiDAR 

applications can be found in (Excelitas Technologies, 2020; First Sensor, 2020).  

On-chip APD is another possible choice, leading to a substantial decrease in 

receiver input node parasitics (series inductance and parallel capacitance) 

(Chowdhury, Karlicek, & Hella, 2019). As will be seen later, this feature relaxes 

the design of a wide bandwidth receiver channel. Such APDs nevertheless suffer 

from high dark current noise, a high excess noise factor and limited responsivity 

(e.g., below 2 A/W). An off-chip Si APD was chosen as the photodetector in the 

present work. The most critical parameters of an APD from the receiver design 

point of view are its parasitic capacitance and its contribution to the total noise floor 

at the input to the receiver. The impact of these parameters on the performance of 

the receiver channel will be discussed in the next section and in Chapter 4.   

2.2 Bandwidth, noise and timing uncertainty (jitter) 

It has been shown by Ziemer and Tranter (2014) that in band-limited 

communication systems the required receiver bandwidth (BW) for a given rise time 

of the input pulse (tr) can be roughly determined using the following equation 

 𝐵𝑊
.

. (3) 

This is a kind of optimum bandwidth that preserves the fast edge of the input pulse. 

Increasing the bandwidth beyond this value will have an insignificant effect on 

preserving the steep edge while increasing the floor noise in the receiver. This 

equation reveals that a shorter pulse (with a higher slew rate) will require a higher 

bandwidth. Typical APDs used in LiDAR have a relatively large active area 

(diameter ~200–500 µm) and a high parasitic capacitance (1–2 pF). Together with 

other parasitic capacitances at the receiver input node, this capacitance will 

significantly affect the performance of the receiver channel by limiting the 

achievable bandwidth and affecting its noise performance and stability. This will 

be discussed in more detail in Chapter 4.  

One important timing parameter related to noise is the timing jitter, i.e., random 

variation in the timing point, that can be formulated according to the following 

equation 

 𝜎
⁄

, (4) 
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where σt is the standard deviation of the timing point (jitter), σnoise is the RMS value 

of the noise at the input of the receiver channel, ∂V/∂t is the signal slope at the 

timing point, and SNR is the signal to noise ratio. Fig. 2 shows the effect of noise 

on the timing jitter and precision of the laser radar.  

Fig. 2. Effect of noise on the timing jitter in a typical TOF receiver channel. 

Although designing a low-noise, wide-bandwidth receiver may seem challenging, 

the precision can be further improved by averaging N successive pulse detections, 

as indicated in the following equation 

 𝜎 , √
. (5) 

The precision of a laser radar is limited by the total RMS noise at the timing 

moment (as indicated in eq. (4)), as this defines the receiver's sensitivity limit, 

which restricts the maximum measurement range in a rangefinder. For reliable 

detection, the signal level should be sufficiently higher than the noise level to 

ensure an acceptable false triggering rate. It is known that for a negligible false 

triggering rate a minimum SNR (ratio of the peak value of the echo signal to the 

RMS value of the noise) of 5–10 is needed. For example, for the true detection 

probability to be greater than 99.9% an SNR=8 is required (Burns, Christodoulou, 

& Boreman, 1991; RCA, 1974). Here the necessity for employing a low-noise high-

speed receiver channel is again emphasized. The primary noise sources are dark 

current shot noise, signal-induced shot noise from the APD, shot noise due to 



31 

background illumination, and noise from the receiver electronics. The background 

noise does not block signal detection but may increase the noise floor. The dark 

current noise in a silicon APD is usually negligible compared to the receiver 

electronics noise, which is the dominant noise source, especially at low signal 

levels. The signal-induced shot noise starts to dominate when a powerful echo is 

detected, making this noise source one of the limiting factors for the maximum 

achievable precision of a (Koskinen et al., 1992). The detailed analysis of receiver 

noise is one of the main topics discussed in Chapter 4 and is covered in Papers III 

and IV. 

2.3 Dynamic range and walk error 

The reflected echo amplitude in ranging applications may vary over an extensive 

dynamic range of 1: 10,000 or even more, depending on the reflectivity of the target, 

the distance and the quality of the optics. It will be shown in Chapter IV that in a 

3–35 m distance measurement range and using target materials of different 

reflectivity, the dynamic range of the reflected echoes will vary over a range of 1: 

200,000. The challenge is that the receiver electronics should accurately position 

the timing moment of the reflected echoes regardless of their amplitude. The 

dynamic range of the receiver at the low end is limited by the noise, while at the 

high end it is usually restricted by the various nonlinearity errors introduced by the 

receiver electronics. The conventional method for discriminating the timing point 

in pulsed TOF receivers is to employ a comparator with a predefined constant 

threshold. In this scheme, known as the leading-edge detection method, the input 

pulse amplitude variations introduce a large amount of error into the timing 

moment, as shown in Fig. 3. This timing walk error, as it is called, arises mainly 

from two sources. The first of these is variation in the pulse rise time with its 

amplitude at the timing moment. This is known as geometric walk error and cannot 

be eliminated even with an ideal comparator. The second source of walk error is 

the nonlinear group delay variation in the receiver channel for different input 

amplitudes, so that small inputs experience a delay equivalent to the RC time 

constant of the channel while large amplitudes experience much lower delays. This 

error is introduced because of the limited bandwidth (Palojarvi, Ruotsalainen, & 

Kostamovaara, 2005; van de Plassche & Baltus, 1988). Nissinen, J., Nissinen, & 

Kostamovaara (2009) have shown, for example, that the total walk error in a 

leading-edge receiver with a 250 MHz bandwidth and an input pulse rise time of 

1.5 ns, can be as large as 2 ns for a dynamic range of 1:10,000 (~1.4 ns geometric 
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walk error and ~0.6 ns due to the propagation delay variation). Several walk 

compensation and dynamic range enhancement schemes have been proposed in the 

literature, as discussed in Chapter 3. 

Fig. 3. (a): The concept of timing walk error in a pulsed TOF laser radar and its break 

down: (b): geometric walk error, (c): walk error due to the non-constant delay in the 

receiver electronics for various input amplitudes (left: large signal, right: small signal) 

(Figs. 3(a) and 3(c) adapted, with permission from Jansson, Koskinen, Mantyniemi, & 

Kostamovaara, 2012 © 2012 IEEE and Palojarvi, Ruotsalainen, & Kostamovaara, 2005 © 

2005 IEEE). 
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2.4 Laser pulse width selection 

It can be deduced from the above discussions that a shorter pulse width would 

improve the accuracy of a laser radar and its longitudinal resolution (i.e. along the 

optical axis), but at the cost of higher sensitivity. Selection of the pulse width is 

restricted, however, by the practical limitations set by the laser and its driver. As 

mentioned earlier, 3–5 ns pulses are widely used in laser radars on account of the 

availability of laser driver techniques that can deliver high energy levels in such a 

regime. On the other hand, producing sub-nanosecond pulses with enough energy 

requires custom-designed laser and driver techniques (Nissinen, Jan & 

Kostamovaara, 2016). Another consideration is the required bandwidth and the 

sensitivity of the receiver channel. It is known from the theory of communication 

that optimum sensitivity is achieved with a much lower receiver bandwidth than 

that indicated by eq. (3) (Smith, R. G. & Personick, 2005). In optical 

telecommunications with gigahertz-range pulsing rates a lower bandwidth will 

cause inter-symbol interference (ISI) which calls for compensation by means of 

equalization techniques (Ahmed et al., 2018; Säckinger, 2005; Sharif-Bakhtiar & 

Chan Carusone, 2016). ISI is not an issue, however, in laser radars with markedly 

lower pulsing rates, typically in the range of 10 kH–1 MHz (Paper III). In very 

long-range applications (several hundred metres or kilometre-range), the sensitivity 

of the receiver should be optimized to detect weak echo pulses, especially when the 

optical laser power cannot exceed a certain level (e.g., 5–10 W) for other practical 

reasons. This means that a lower receiver bandwidth and a longer pulse width 

should be used. It is worth noting that, according to eq. (4), the timing jitters of a 

low and a wide bandwidth receiver at the same signal current level are not distinctly 

different, because even though the rise time is longer with a low bandwidth receiver, 

the SNR is correspondingly higher. The capability for detecting multiple echoes, 

the shorter measurement time per laser pulse and the reduction in the timing walk 

error nevertheless still favour the use of short laser pulses and a wider bandwidth. 

One example of a laser radar implementation with sub-nanosecond input pulses 

is that proposed by Hintikka and Kostamovaara (2017) in which 100 ps 

FWHM/10W pulses and a receiver based on leading-edge timing discrimination 

with a 700MHz bandwidth were employed. The laser was a custom-designed bulk 

laser diode working in the "enhanced gain switching" mode (Hallman, Huikari, & 

Kostamovaara, 2014; Ryvkin, Avrutin, & Kostamovaara, 2009). The total walk 

error (uncompensated) for an input dynamic range of 1:21000 was reported to be 

~500 ps (7.5 cm in distance), 3–4 times lower than that of a laser radar with pulse 
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widths of a few nanoseconds. It has been shown that this configuration can be used 

in near range applications with high resolution and high precision (e.g., for tracking 

tiny vibrations or small steps in a target profile), owing to the use of narrow optical 

pulses and a wide-band receiver (Hintikka & Kostamovaara, 2018). Its 

performance deteriorates at longer ranges, however, due to the high noise level in 

the receiver channel (450 nA RMS), which is 4–5 times higher than in a typical 

pulsed TOF laser radar configuration with a receiver bandwidth of 250 MHz and 

3–5 ns FWHM optical pulses. 

The work presented here is based on the use of 2–3 ns pulses, the focus being 

on enhancing the dynamic range of the receiver channel to beyond 1:10,000 while 

achieving the best possible accuracy (and precision). 

2.5 Other systematic errors 

Apart from walk error, drift brought about by variations in temperature, power 

supply and pulse shape are other sources of inaccuracy in TOF receivers. The 

typical APD reverse bias temperature dependence is ~0.5 V/°C yielding a large 

temperature dependence of its internal gain and responsivity. Furthermore, the 

performance of the receiver channel electronics also drifts with variations in 

temperature and power supply, resulting in an accuracy error in the timing point. 

For this reason, a temperature compensation scheme is necessary in practical laser 

radar implementations. Optical pulse variations may occur due to severe weather 

conditions or nonidealities in the laser transmitter. The effects of temperature and 

optical pulse variation on the receiver technique proposed here were studied in 

Paper IV and will be discussed in Chapter 4. 
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3 Review of the literature on timing 
discrimination in laser ranging 

Several techniques have been proposed in the literature for improving the 

performance of linear mode pulsed laser radars. These techniques will be reviewed 

here mostly from a system-level point of view, focusing mainly on dynamic range 

enhancement/walk error reduction techniques, with a brief discussion of front-end 

preamplification scenarios.  

The leading-edge detection method was one of the first solutions proposed for 

implementing a TOF receiver channel. As shown in Fig. 4, it consists of a 

preamplification stage, a set of post-amplifiers, and one or more comparators. The 

received current pulse from the photodetector is converted to an amplified voltage 

signal by the preamplifier stage, and the post-amplifier(s) further amplify the echo 

pulse to an acceptable level for the comparator(s) in order to mark the final timing 

point. As mentioned in Chapter 2, this approach suffers from a large timing walk 

error due to the extensive variation in the amplitude of the received echoes. Several 

walk compensation schemes have been proposed in the literature to alleviate this 

problem, including Constant Fraction Discrimination (CFD), gain control, leading-

edge compensation methods and pulse-shaping methods.  

3.1 Preamplifier configurations 

The preamplifier stage is the most challenging part of a receiver design because it 

dramatically affects the overall performance of the receiver channel. It should 

comply with partially conflicting design requirements like noise (and sensitivity), 

gain and bandwidth, since high-speed and short pulses (e.g., 2–3 ns) are typically 

used. Since the photodetector produces current signals, this stage is usually realized 

by transimpedance amplifiers (TIA). A shunt feedback capacitor transimpedance 

amplifier (C-TIA) is the most effective solution from the sensitivity point of view, 

as it integrates the whole charge generated by the photodetector during the pulse 

detection. A very low noise level of 1.6 pA/√Hz was reported by Hong-Soo Cho, 

Chung-Hwan Kim and Sang-Gug Lee (2014) by employing this technique. On the 

other hand, this technique limits the maximum speed of the laser radar and needs 

active recovery circuits after each pulse detection. The two widely used front-end 

circuit implementations that address these issues are shunt-feedback resistor TIAs 

(R-TIA) and current mode TIAs (i.e., regulated cascode or current mirror 

configurations). The latter can provide a wider bandwidth on account of the lower 
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input impedance while raising fewer stability concerns, but since the noise from 

the input transistor(s) is directly seen at the input node, their noise (and sensitivity) 

performance is not as good as the former option. In R-TIAs the output noise voltage 

of the core amplifier is referred to the input after being divided by the 

transimpedance gain (Behzad Razavi, 2012; Trabelsi & Boukadoum, 2013). A 

combination of both front-end techniques was employed by Zheng, Ma, Liu, and 

Zhu (2018) to detect weak signals using an R-TIA front-end and large signals using 

a current-mirror TIA front-end. 

Fig. 4. Block diagram of a leading edge based TOF receiver.  

3.2 Dynamic range enhancement techniques 

3.2.1 Constant fraction timing discrimination 

The basic idea behind this technique is that, contrary to the constant threshold 

leading edge detection method, the timing moment is extracted at a constant 

fraction of the input pulse amplitude. In the first version of this technique, that 

introduced by Gedcke and McDonald (1968), the input pulse is divided into two 

parts: a delayed part and an attenuated part. The timing moment is when the leading 

edge of the delayed pulse crosses the peak level of the attenuated pulse. This 

technique removes the dependence of the timing point on the pulse amplitude. In 

an improved version of this technique, known as amplitude/rise time-compensated 

(ARC) CFD, the timing point is set at the leading edge of the attenuated pulse 

instead of the top level.  Therefore both the amplitude and rise time dependence of 

the timing point are removed (Kilpelä, Ylitalo, Määttä, & Kostamovaara, 1998).  

CFD-based techniques can work appropriately within the linear region of the 

receiver channel, typically in a range of 1:5…20. This narrow range is one of the 
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main drawbacks of such techniques, considering the ever-decreasing available 

voltage headroom in cutting edge IC technology nodes. That is why a gain control 

scheme is necessary to keep the receiver channel in its linear region and extend its 

narrow dynamic range. This technique will be discussed in more detail below. 

Fig. 5. A typical implementation of CFD-based timing discrimination

(Reprinted, with permission, from Kilpelä, 2004 © University of Oulu). 

3.2.2 Gain control 

Gain control, or linear detection mode (to be distinguished from the linear mode 

detectors discussed in Chapter 1) is another technique for extending the dynamic 

range while mitigating the walk error. The idea is to keep the receiver channel in 

its linear operation region so that the amplitude of the detected pulse at the input of 

the timing discriminator is relatively constant. This technique can be used in 

combination with other types of timing discrimination such as leading edge and 

CFD methods, or even with sampling-based approaches. Gain control can be 

applied at different stages in the laser radar system: in the optical domain, through 

optoelectronic measures, or as a part of the receiver electronics. The earlier this 

gain control is embedded in the system, the more relaxed is the dynamic range 

required throughout the rest of the system. Optical gain control is an accurate 

alternative of this technique that can support the whole dynamic range. It can be 
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implemented by employing a Micro-Electro-mechanical System (MEMS) in a fully 

automated fashion, for example, or manually using neutral density filters. However, 

it is usually slow and bulky and complicates the design of the laser radar. Another 

option is optoelectrical gain control: to control the internal gain in an APD by 

changing its reverse bias voltage in receivers that use such photodetectors. This 

method is accurate only within a narrow dynamic range, however, since the 

relationship between the gain and the bias voltage of the APD is not linear (Määttä, 

1995; Ruotsalainen, 1999). This is because the group delay in the APD changes as 

the gain variation becomes greater than 1:3…5. Furthermore, the APD gain is a 

temperature-dependent parameter.  

Electrical gain control is another alternative that is preferred over other optical 

gain control methods since it does not have any mechanically moving parts. In this 

method the amplitude (or power level) of the reflected echo is measured and the 

gain in the receiver channel is set accordingly. Several gain control schemes have 

been proposed in the literature, such as using a current-mode Gilbert cell  

(Ruotsalainen, Palojarvi & Kostamovaara, 1999), R-2R attenuator (Ruotsalainen, 

Palojarvi & Kostamovaara, 2001), adjustment of the front-end transimpedance gain  

(Hong, Kim, Kim & Min Park, 2018; Ngo et al., 2013) and/or post-amplifier 

voltage gain  (Zheng, Ma, Liu & Zhu, 2018), as shown in Fig. 6.  

From the point of view of dynamic range, the best place for implementing 

electrical gain control is before the preamplifier, so that the whole dynamic range 

of the amplifier channel is exploited. This raises noise issues, however, as indicated 

by Ruotsalainen et al. (2001). The main challenge is that it is hard to achieve full 

gain control at the input of the timing discriminator, since the linear dynamic range 

of the preamplifier is limited to only 1:100...200. As the echo signal is amplified in 

the channel, this range shrinks further and one should be able to map the whole 

optical dynamic range of 1:100,000, for example, to a dynamic range of ~1:10 at 

the input of the timing discriminator. Therefore, implementation of a receiver that 

can cover a sufficient dynamic range would require delicate design of the control 

loop and sensing scheme, which should have minimum impact on the propagation 

delay of the signal.  

Recent examples of this technique have reported dynamic ranges of 1:2000 to 

1:10,000, but still with a relatively large walk error, e.g., 0.8–2 ns  (Ma, Liu, Zheng 

& Zhu, 2018; Zheng et al., 2018a, 2018b). Furthermore, gain control, whether 

implemented automatically (AGC) or programmable (discrete gain steps controlled 

through a digital code), will inevitably increase the complexity of the receiver 
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design. Another drawback associated with this technique is that it cannot be used 

in applications that require a single-shot distance measurement (Wang et al., 2020).  

Since gain control will ensure a linear dynamic range in which the signal 

amplitude is always linearly proportional to the intensity of the arriving echo, this 

technique can provide both distance and intensity information that can be useful in 

certain applications, e.g., for distinguishing the reflectivity of various material 

within the receiver's FOV (Ngo et al., 2013). However, the extraction of the 

intensity information requires a high-speed sampling scheme (or ADC) along with 

the TDC needed for distance measurements. This approach has been followed by  

Yoshioka et al. (2018) and Liu et al. (2020) for example. 
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Fig. 6. Examples of gain control schemes employed in the literature. a) Gilbert cell and 

R-2R attenuation, b) preamplifier (TIA) gain, and c) post-amplifier gain (Adapted, with 

permissions, from Ruotsalainen et al., 2001 © 2001 IEEE, Ngo et al., 2013 © 2013 IEEE, 

and Zheng et al., 2018b © 2018 IEEE). 
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3.2.3 Leading edge-based compensation schemes 

The idea behind this method is to extract time-domain pulse characteristics such as 

amplitude (Palojarvi et al., 2005), width  (Kurtti & Kostamovaara, 2011), slew rate 

(Nissinen, J., Nissinen, I. & Kostamovaara, May 2012) for each amplitude and use 

this stored information to compensate for the walk error. In another realization 

based on this approach a digital signal processing algorithm was employed to 

compensate for the walk error (Xiao, Lopez, Hu, Xiao, & Yan, 2016). 

An example of such a compensation method is shown in Fig. 7. In the leading-

edge discrimination method the pulse width increases as the input pulse amplitude 

increases. By extracting the walk error for each input amplitude a relation can be 

found between the walk error and pulse width, enabling the walk error to be 

removed from the measured timing point. Since each compensation scheme entails 

some specific limitation, the use of a combination of pulse width and rise time or 

pulse width and pulse amplitude for compensation purposes will give more 

accurate results (Kurtti, Nissinen, & Kostamovaara, 2017; Kurtti, Jansson & 

Kostamovaara, 2020; Wang et al., 2020)  

Fig. 7. A typical leading edge-based compensation scheme using pulse width 

information (Reprinted, with permission, from Kurtti & Kostamovaara, 2011 © 2010 

IEEE). 

These techniques can support a wide dynamic range, from 1:5000 (Wang et al., 

2020) to 1:100,000 (Kurtti et al., 2017) with a low walk error, e.g., <50 ps. 

Nevertheless, they require lookup tables, a multichannel TDC, or a relatively 

complicated signal processing algorithm in order to implement the walk 
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compensation scheme, which in turn may result in an elaborate receiver design or 

a reduction in measurement speed.  

3.2.4 Pulse shaping  

In this method the input unipolar pulse is converted to a bipolar signal, i.e., a 

damped sine wave, and the timing point is extracted from the first zero-crossing 

point in the signal, contrary to leading-edge detection (Pehkonen & Kostamovaara, 

2003). This technique can in principle remove the geometric walk error, and if the 

receiver channel is fast enough to recover from clipping in the case of large input 

pulses, the walk error due to delay variation in the receiver will also be minimized. 

Consequently, a wide dynamic range of input optical pulses can be covered while 

keeping the walk error, i.e. the deviation in the zero-crossing point, at a low level. 

A conceptual block diagram of the idea is shown in Fig. 8.  

Fig. 8. Conceptual block diagram of a pulse shaping-based laser radar (Under CC BY 

4.0 license from Paper V © 2020 Authors). 

The first pulse shaping circuits were proposed as an integration-friendly 

counterpart to the CFD methods. Traditionally, CFDs have been implemented using 

discrete delay line components, but since it is difficult to implant delay lines with 

a proper bandwidth and low attenuation inside the chip, they have been replaced in 

the IC design era with passive filtering and basic arithmetic operations using 

lumped elements (Binkley, 1994; Ruotsalainen et al., 2001). One example of the 

implementation of such a technique is to employ first-order high pass RC 
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differentiation (Kurtti & Kostamovaara, 2009) as shown in Fig. 9(a). In this 

implementation the received echo pulse is pre-amplified by means of a regulated 

cascode current buffer (RGC) and converted to a semi-sinusoidal signal through 

RC differentiation. The dynamic range in this implementation, 1:2750, is already 

restricted by the limited dynamic range of the preamplifier, however. Furthermore, 

first-order differentiation cannot be realized next to the photodetector because of 

the integrating characteristics of the input node parasitic capacitances. A second-

order differentiator at the input could address this issue, however, such a solution 

would increase the total input noise and limit the sensitivity of the receiver channel 

(Nissinen & Kostamovaara, 2004). 

Pehkonen, Palojarvi and Kostamovaara (2006) have reported another 

realization of this method in which a parallel RLC network converts the detected 

current pulse to a bipolar voltage signal immediately at the input of the receiver 

channel. The sine-like signal is then amplified through the channel by a set of post-

amplifiers, as shown in Fig. 9(b). In this realization an off-chip inductor constructs 

an LC tank with the input node parasitic capacitances. The resistor can be because 

of the limited quality factor of the off-chip inductor (Pehkonen & Kostamovaara, 

2009) or implemented as a lumped element inside the chip (Pehkonen et al., 2006). 

The limiting factor in this realization, however, is the high amount of noise caused 

by the bias resistors in the photodetector, the damping resistor and the amplifier 

channel. The amplifier channel noise is considerable, since a high speed (wide 

bandwidth) receiver channel is needed to recover from clipping in the case of large 

input pulses. In addition, the dynamic range at the high end is limited by the early 

current-to-voltage conversion and the limitations imposed by the maximum 

permissible voltage at the input node. The dynamic range reported using this 

technique varied from 1:1250 (Pehkonen et al., 2006) to 1:2500 (Pehkonen & 

Kostamovaara, 2009) while the respective total walk error was ±40 ps (measured) 

and ±80 ps (simulated). The high level of the noise from the receiver electronics, 

6–7 pA/√Hz, limited the minimum detectable signal to ~2 µA in both cases. 
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Fig. 9. (a): Pulse shaping based on high pass RC differentiation, (b): pulse shaping at 

the receiver input using a parallel RLC network (Reprinted, with permissions, from 

Kurtti & Kostamovaara, 2009 © 2009 IEEE and Pehkonen et. al., 2006  © 2006 IEEE). 
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4 The wide dynamic range receiver channel 

The main part of the thesis is concerned with the design and verification of a 

receiver channel that can cover a wide dynamic range of detected echoes without 

using post-processing or gain control techniques. The input pulse shape was 

assumed here to be 2–3 ns FWHM, and the target was to optimize the receiver 

channel to reach firstly the best possible accuracy (minimum walk error) and 

secondly timing precision (minimum jitter). The system-level technique followed 

here is based on pulse shaping at the input of the receiver, employing an LC 

resonator tied to the APD and followed by a nonlinear feedback TIA. In this chapter 

the proposed method will be introduced and then analysed from both a small signal 

and large signal point of view, in order to acquire a deep insight into the effect of 

various circuit parameters on the desired system-level performance. A receiver 

channel chip based on the proposed technique was developed in 0.35 µm AMS 

standard CMOS technology and subsequently verified through various circuit-level 

and system-level measurements, as discussed at the end of the chapter.  

4.1 Receiver architecture 

The proposed receiver architecture is shown in Fig. 10. A discrete Si APD (First 

sensor AD230-TO52S1) was employed as the photodetector and an off-chip 

inductor connected to the anode of the APD was used to construct an LC resonator 

with the parasitic capacitances of the input node of the receiver chip. The echo 

detected from the APD will then excite the input LC tank to generate a sine-like 

signal current that passes through the feedback pass of a nonlinear shunt feedback 

TIA to produce a bipolar voltage signal at the TIA output. Contrary to the method 

reported by Pehkonen et al. (2006), the voltage-to-current conversion did not occur 

at the input node receiver in this scheme, nor was any front-end resistor used either 

for APD bias or as a damping element in the signal path, thereby allowing a low 

noise level to be achieved. It will be shown that the transimpedance gain in the TIA 

is auto-adjusted with respect to the signal strength and therefore allows a wide 

dynamic range of input signals to be processed. 

The output signal of the TIA is further amplified by a set of post-amplifiers to 

provide enough signal swing at the input of the timing discriminator, which consists 

of a timing comparator and an arming (noise) comparator. The timing comparator 

generates a full logic signal to be fed to the TDC, and the arming comparator, with 

its controllable threshold voltage, enables the timing comparator only for those 
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signals that exceed the noise level by a certain margin. The threshold voltage is 

controlled digitally through a DAC, and the offset of the high gain amplifier path 

is determined through an offset control loop using a transconductor-capacitor (Gm-

C) block. A differential analog buffer was also embedded in the chip to measure the 

circuit-level characteristics of the receiver channel such as gain, bandwidth and 

noise. 

Fig. 10. Architecture of the proposed TOF receiver (Under CC BY 4.0 license from Paper 

IV © 2020 Authors). 

4.2 Design principle of the front-end 

A block diagram of the front-end with input node parasitics is shown in Fig. 11. No 

resistor is used to bias the APD, but instead a high frequency (RF) noiseless 

inductor is used at the input node. The two critical parameters of the off-chip 

inductor are the quality factor (Q) and the self-resonance frequency (SRF), both of 

which should be high enough for the target frequency ranges. The total input node 

capacitance (CT) consists of the parasitic capacitances of the APD, bonding wire, 

input PAD and input transistor. The sizes of the parasitic elements shown in Fig. 11 

are the approximate values used to model the input node.  

The input current pulse (Iin) from the APD generates an oscillating current 

(Iin,TIA) that is damped away as it passes through the TIA feedback path, which 

consequently acts as both the damping element for the input RLC circuit and a pass 
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for converting the resulting current to a voltage at the TIA output. The TIA input 

resistance is equal to   

 𝑅 , , (6) 

where ZF is the impedance of the feedback path and A0 is the DC gain of the core 

amplifier (A). The feedback path consists of a resistor (RF) and two auxiliary 

transistors (MNF and MPF). For small input currents the auxiliary transistors are 

turned off and ZF= RF. The function of these two transistors will be discussed in 

section 4.2.2. 

Fig. 11.  Block diagram of the TIA front-end (Under CC 4.0 BY license from Paper IV © 

2020 Authors). 

The input RLC circuit should provide an underdamped response, which means that 

the RLC circuit should comply with QRLC=0.5, in which QRLC is the quality factor 

of the input RLC network. It is also known that the number of cycles of ringing in 
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the parallel RLC circuit is roughly equal to QRLC (Lee, 2003). Since the first zero 

crossing point defines the timing moment, one or two cycles of ringing are adequate, 

which implies that the front-end RLC circuit could be set at around QRLC≈1, in 

which case we have 

 𝑅 , . (7) 

It can be shown that increasing QRLC, and therefore the ringing cycles, will reduce 

the peak-to-peak amplitude of the output signal, which is not desirable. In this 

equation ZRLC=√L/CT is the characteristic impedance of the RLC network. The 

front-end design parameters are chosen based on various design considerations 

such as the input pulse specifications, the transient output signal requirements, the 

bandwidth and noise requirements of the TIA and the walk error. Furthermore, the 

stability of the TIA should also be considered. These issues will be addressed below.  

4.2.1 Small signal considerations 

As far as the voltage drop across 𝑅  is small enough, the auxiliary transistors are 

switched off, and the TIA is in its linear region. In this case the TIA core amplifier 

(A) can be modelled by an inverting voltage amplifier with one dominant pole (ω2). 

The circuit level implementation of the core amplifier will be discussed in next 

section. The small signal front-end transimpedance gain can be calculated as (Paper 

IV) 

 𝑍 𝑠 , (8) 

where 

 𝑁 𝑠 𝑠, (9) 

and 

 𝐷 𝑠 𝑠 𝜔 𝑠 s . (10) 

It should be noted that if ω2 were not considered in the calculations, the transfer 

function ZT(s) would be of the second order. In practice, however, ω2 should be 

high enough to ensure a flat response around the central frequency of the input LC 

tank, although an extremely high ω2 would result in excessive in-band noise, which 
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again is not desirable. To ensure negligible ringing in the transient response and a 

maximally flat frequency response, ω2 should comply with the following criterion 

 ω 2ω , (11) 

where ωu is the unity gain frequency of the open-loop TIA front-end. In this case, 

the −3dB bandwidth of the front end is determined as  

 𝜔 , (12) 

which is the upper cut off frequency of an RLC circuit with the resistance equal to 

eq. (6). Even though the parallel RLC circuit is bandpass in nature and its 

bandwidth is usually defined differently, simulations show that eq. (12) is 

comparable to eq. (3) and is a good measure for evaluating the required bandwidth 

for preserving the edge of the laser pulse.   

Eqs. (12) and (7) together with the criterion set by eq. (11) make up the design 

guides used to determine the small-signal characteristics required in the frontend. 

By meeting both these requirements, the peak-to-peak voltage signal at the TIA 

output (Vout,TIA) can be estimated as 

 V , 𝐴 𝐼 𝑅 𝐼 . (13) 

Other specifications that need to be considered are walk error, sensitivity (noise), 

and jitter. Walk error (and dynamic range) will be discussed next, while sensitivity 

and jitter will be covered in section 4.3.1.  

4.2.2 Large signal analysis 

The proposed pulse shaping front-end works well without the two auxiliary 

transistors within the linear range of the TIA. Simulations show that the deviation 

in the zero-crossing point for different pulse amplitudes is negligible within this 

region. This range, e.g., 1:100...200, is too narrow in modern IC technology nodes, 

however, and does not satisfy the dynamic range requirement. Once the input 

current drives the core amplifier to saturation, the walk error exacerbates 

dramatically, and the TIA output signal decays over a longer period of time. This 

happens because the input damping set by eq. (6) is no longer valid and the circuit 

does not perform according to the described linear circumstances.  
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The two auxiliary transistors were added to the feedback path to solve this problem, 

as shown in Fig. 11. As the TIA input current increases and the voltage drop across 

the feedback resistor (VRF) exceeds the threshold voltage of these transistors, 

 |𝑉 | 𝑉 , 𝑉 , , (14) 

the two transistors gradually turn on and sink the extra current into the ground (MPF) 

or source it from the power supply (MNF). The function of these two transistors can 

be analysed from two perspectives. First, large-signal analysis of the feedback path 

using the square characteristics of the MOS transistor shows that in this region the 

current flowing into RF (IRF in Fig. 11, which produces the TIA output voltage) is 

no longer equal to the TIA input current (Iin,TIA), but instead, IRF is proportional to 

the square root of the input current (IRF 𝛼√Iin,TIA). The relation between 𝐼  and Iin,TIA  

is shown in Fig. 12(a) for the proposed nonlinear feedback TIA and a conventional 

TIA, i.e., without the two auxiliary transistors. It can be seen that the two transistors 

slow down the pace of TIA saturation by providing a detour for the extra input 

current.  

Studying the variation in the feedback path resistance (ZF) and the input 

resistance (eq. (6)) provides more insight into the function of the auxiliary 

transistors. ZF is equal to 

 𝑍 𝑅 ∥  , (15) 

and  

 
𝐺 𝐺 , 𝐾 𝑉 , 𝑉 , ,   𝑉 𝑉 ,

𝐺 𝐺 , 𝐾 𝑉 , |𝑉 , | ,   𝑉 |𝑉 , |
, (16) 

where Gm,NF and Gm,NF are the transconductances of MNF and MPF, respectively, and 

KN and KP are the transconductance parameters of the transistors, respectively. 

Based on these equations, as the voltage drop across RF increases, and therefore the 

overdrive voltage of the auxiliary transistors increases, ZF is gradually modified. 

The aspect ratios of these transistors (50/0.35 and 15/0.35 for MNF and MPF , 
respectively) are set to demonstrate a much smaller resistance than RF for the very 

large input currents. At the same time, the core amplifier gain A0 is gradually 

compressed and drops to zero for very large input currents. With proper design of 

the core amplifier and the feedback path, these two phenomena (modification of ZF 

and gain compression in A0) could be set to coincide and cancel out each other's 

impact on the input resistance (eq. (6)) over a wide range of input currents. Fig. 

12(b) shows A0, ZF, and Rin,TIA as functions of Iin,TIA. As can be seen, A0 and ZF alter 
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in the same fashion, as a result Rin,TIA remains relatively constant regardless of the 

substantial variation in A0. For a very high Iin,TIA, the input resistance is determined 

by the channel resistance of the auxiliary transistors (Rin,TIA≈ZF≈1/GmF), the final 

sizes of which are set according to the transient simulation to achieve the minimum 

possible walk error. Without these transistors, Rin,TIA would jump from the value set 

by eq. (6) to RF due to gain compression in the core amplifier. Transient simulations 

show that this technique can prove useful in extending the dynamic range of the 

front-end and controlling deviation in the zero-crossing point. These two transistors 

continue to shunt the extra currents until the protection diodes embedded in the 

input PAD (DPAD in Fig. 11) clamp the TIA input voltage. 



52 

Fig. 12. (a) The current in the feedback resistor as a function of the TIA input current: 

with (blue) and without (grey) auxiliary transistors; (b) core amplifier gain (blue), 

feedback path impedance (grey) and input impedance (red) as a function of the TIA input 

current. 
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4.3 Circuit-level realization and noise analysis 

The receiver chip was realized in AMS 0.35 µm standard CMOS technology with 

four metal layers. This technology was chosen mainly on account of the input pulse 

width, the corresponding signal bandwidth and the availability of the required 

circuit components, e.g., various types of resistor and capacitor. One of the main 

challenges posed by the chosen technology was the relatively large I/O PAD 

capacitance at the input node (around 1.5 pF). This capacitance (which adds up to 

CT) affects the bandwidth of the receiver channel and its noise characteristics, as 

will be discussed below.  

4.3.1 The TIA 

The circuit-level realization of the TIA is shown in Fig. 13. Due to walk error 

considerations, a simple one-stage amplifier was chosen. A multi-stage core 

amplifier was avoided because, aside from the stability issues, having several high 

impedance nodes in the loop would exacerbate the deviation in the zero-crossing 

point, especially for large input currents. The core amplifier consisted of a boosted 

cascode stage (M1, M2 and RL, as the main amplification stage) and a common-

source stage (M3 and M4) combined in a feed-forward manner. This common-source 

stage helps the main stage to recover quickly from saturation when a large input 

current drives the core amplifier to a nonlinear region. Transient simulations show 

that this technique proved useful for improving the walk error. The output source 

follower isolates the feedback loop from the loading effects of the next stage. 

 



54 

Fig. 13. Circuit level implementation of the TIA (Under CC BY 4.0 license from Paper IV 

© 2020 Authors). 

According to this configuration, the only high impedance node in the core amplifier 

is the drain of M2 which produces the high-frequency pole of the core amplifier (ω2) 

 𝜔 , (17) 

where RL is the load resistance and CX is the total parasitic capacitance seen at this 

node.  

Noise analysis 

As mentioned in Chapter 2, the dominant noise contribution comes from the 

receiver electronics, especially at low signal levels. This is particularly the case 

when the photodetector is an Si APD working at a wavelength around 900 nm, 

contrary to APDs working at eye safety wavelengths, for which the dark current 

noise is also important. 
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The main noise contributors in the receiver electronics are the feedback resistor (RF) 

and the core amplifier, especially its input transistor (M1). The noise contribution 

of the auxiliary transistors is negligible, since they are turned off for small input 

currents. The spectral noise power at the TIA output can be calculated (Papers II 

and IV) as 

 , 𝑔 𝑅 𝜔 , (18) 

where gm1 is the transconductance of M1 and gm1RL is equal to the gain of the core 

amplifier (A0). k is the Boltzmann constant and T the temperature in degrees Kelvin. 

γ is the noise parameter, which can be estimated to be 2/3 in the technology 

employed here. The first term is due to the thermal noise of RF, the transfer function 

of which is identical to that of the input signal Z(s) in eq. (8). This is because both 

the current noise of RF and input current pass through the same path. This bandpass 

transfer function filters out the noise contribution of the feedback resistor at both 

high and low frequencies.  

The second term in eq. (18) is the noise contribution of the core amplifier. The 

noise generated by other components of the core amplifier is neglected in this 

analysis but provided for in Paper III. This term has a band-stop nature because the 

inductor (L) at low frequencies and the capacitor (CT) at high frequencies provide 

a low impedance path to the ground at the input node and allow the input transistor 

noise to be amplified by A0 (see Razavi, 2012 and Paper III).  

As mentioned in section 4.3.1, assuming that ω2 is high enough, the noise and 

signal transfer functions can be simplified to second-order ones (Paper III), 

whereupon the total RMS noise generated by each component can be approximated. 

Since the noise bandwidth of the RLC circuit (BWnoise) is (A0+1)/4RFCT  (Lee, 2003) 

the total RMS noise contribution of 𝑅  at the TIA output is 

 𝑉 , 𝐵𝑊 𝐴 , (19) 

This equation reveals that the total noise contribution of RF is independent of the 

value of RF and depends only on CT and A0. Based on eqs. (13) and (19), the 

minimum detectable signal current given a minimum acceptable SNR (ratio of the 

peak-to-peak signal to the RMS noise) can be calculated as 

 𝐼 , 𝑆𝑁𝑅 𝑆𝑁𝑅 , (20) 
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assuming that RF is the only noise source that limits the SNR.  

The noise contribution of the core amplifier is marginally affected by the input LC 

network, because, as shown in eq. (18), its transfer function has a band-stop nature 

around the central frequency of the input LC tank (Paper III). The notch effect of 

the filter is neglected in the following estimations, so that the total RMS noise of 

the core amplifier can be estimated as 

 𝑉 , 𝐴 𝜔 , (21) 

whereupon the corresponding minimum signal current can be calculated from eqs. 

(21) and (13) as 

 𝐼 , 𝑆𝑁𝑅 √ω 𝑆𝑁𝑅 √  . (22) 

In the light of eqs. (20) and (22) and given a minimum desired SNR (e.g., 5–10), it 

would be necessary in order to minimize the Iin,min in both cases to maximize first 

the characteristic impedance and consequently the feedback resistance, considering 

the required bandwidth and damping (eqs. (12) and (7)). Since CT is not controllable 

directly, the design parameters are RF, L and A0. Furthermore, L cannot be chosen 

to be endlessly high because it not only limits the bandwidth but also lowers the 

signal oscillation frequency, which has a destructive effect on the timing jitter. This 

point will be discussed next. 

A0, and more particularly gm1, is another parameter that should be maximized 

by increasing either the aspect ratio (W/L)M1 or the bias current of the input 

transistor (M1). As shown in Fig. 13, a 6.5 mA bias current was added to the cascode 

stage for this purpose. On the other hand, increasing (W/L)M1 also increases CT. 

Thus it is crucial to choose an optimum size for M1 to minimize the noise peaking 

phenomenon, as explained by Abidi (1988) and Säckinger (2005). 

As mentioned earlier, ω2 should be chosen to be low enough to minimize the 

high-frequency noise in the receiver channel, the contribution of which to the noise 

transfer functions can be seen in eqs. (18) and (22). But aside from the limitation 

imposed by eq. (11), walk error considerations also impose another criterion on ω2. 

The receiver channel should be fast enough to recover quickly from clipping in the 

case of large input signals, so that the zero-crossing point is not affected. Therefore, 

to minimize the walk error, ω2 should not be set at the small-signal limit defined by 

eq. (11). This means that there is a trade-off between noise and walk error.  
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Timing jitter 

Timing jitter is defined as random variation around the zero-crossing point, i.e., the 

timing point. To estimate timing jitter, the signal slope at the timing moment should be 

calculated. Equivalently, the time interval within which the bipolar signal travels from 

its positive to its negative peak can be used, according to eq. (4). This means that a 

rough estimate of the timing jitter would be (Paper V) 

 𝜎
∆

.

.  
, (23) 

where Δts is the slew time of the bipolar signal from its maximum to the minimum. 

Thus, the natural frequency of the input RLC circuit ωd is given by 

 𝜔
.

, (24) 

where the approximation is based on eq. (7). As can be seen, a larger L will result 

in a higher timing jitter. Therefore a good strategy, considering the small-signal 

noise and jitter requirements, would be to maximize RF, minimize Rin,TIA (by 

maximizing A0) according to a rough estimate of CT (considering the required 

bandwidth) and match Rin,TIA to ZRLC according to eq. (7). In this way L will not 

need to be excessively large (Paper V).  

Parameter values and expected results 

Since the receiver characteristics is mostly defined by the first stage, the design 

parameters of this stage and the expected results are considered in this section. The 

final values of the design parameters depend on the topology chosen for the core 

amplifier, the technology node, and the thorough considerations presented above.  

According to the input pulse characteristics (2–3 ns pulse width and ~1.5 ns rise 

time), L, RF and A0 were chosen to be 250 nH, 5 kΩ and ~20 (gm1=24 mS and 

RL1=850 Ω), respectively. In the simulation phase, CT was estimated to be ~3.5 pF, 

even though measurements have later shown that 4 pF would have been more 

accurate. Consequently, the measured bandwidth (230 MHz) was slightly lower 

than that was expected in the simulations (250 MHz). Based on eq. (11), the 

minimum value for the internal pole frequency of the core amplifier (ω2) would be 

~2π×500 Mrad/s, but considering the noise and walk error trade-off, ω2 was set here 

at ~2π×800 Mrad/s. The measured resonance frequency of the input LC resonator 

is ~160 MHz (1 Grad/s). 
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According to eqs. (20) and (22) and the above parameter values, the RMS noise 

level at room temperature (in practice the minimum detectable signal at SNR=1) is 

29 nA or 96 nA RMS, respectively, for cases in which the only noise source is the 

feedback resistor (RF) or the input transistor of the core amplifier (M1). This means 

that the noise from M1 is dominant. 

A measurement performed to demonstrate the effect of noise on the timing 

uncertainty is shown in Fig. 14. For this purpose around 80 sample signals from the 

analog buffer were measured and superimposed on each other. In this measurement 

the receiver channel was excited by 3 ns FWHM optical pulses and the equivalent 

SNR was ~10. The σ value of the jitter (shown in the figure) was ~200 ps, and the 

slew time (Δts) ~1.8 ns, both of which are in line with the approximations given by 

eq. (23). 

Fig. 14. Effect of noise on the zero-crossing timing uncertainty (jitter). Around 80 

sample voltage signals measured from the analog output buffer and superimposed on 

each other for SNR=10 and a pulse width of 3 ns FWHM. 
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4.3.2 Post-amplifiers and timing discriminator 

A set of post-amplifiers was used to amplify the TIA output signal and provide 

enough signal swing at the input of the timing comparator. As with the front end, 

these amplifiers should also be fast enough in view of the walk error considerations, 

and simultaneously, their bandwidth should be limited to filter out high-frequency 

noise. A multistage solution can serve both goals by providing a small gain per 

stage (and therefore a wide bandwidth per stage) and multiple poles in the signal 

path so that it will filter out the high-frequency noise at a higher rate. The optimum 

number of stages and the type of structure employed will depend on the required 

total gain and target bandwidth (Galal & Razavi, 2003). Since the post-amplifiers 

are mostly working in the clipping mode (especially in the latter stages), the 

optimum number of stages for a given total gain (Atot) that will give an optimized 

gain-bandwidth product (GWB) is given by n=ln(Atot) where the gain per stage 

should be ~e (≈2.718)  (Doernberg, Gray & Hodges, 1989).  A resistor load 

differential amplifier followed by one stage source follower was used for each stage 

in the design, yielding a gain and bandwidth per stage of ~8–10 dB and ~1 GHz, 

respectively (Paper II).  

The structure of the timing discriminator is shown in Fig. 15. This consists of 

two comparators: a timing comparator and an arming comparator. The arming 

comparator enables the timing comparator for those signals that exceed the present 

threshold voltage by a certain margin, which is usually set to guarantee a minimum 

SNR of 5–10. Due to the lower input overdrive voltage, the output signal of the 

arming comparator is delayed for small input amplitudes relative to the output of 

the timing comparator (Allen & Holberg, 2012). This propagation delay does not 

interrupt the timing moment, however, as the latter lies at the first zero-crossing 

point of the signal. In order to have a wide enough time window, the amplified 

signal of the arming comparator is fed to a MOS capacitor (CMOS) through another 

differential to the single-ended stage, the tail current of which (2.2 mA) is a decade 

larger than its discharging current source (110 µA). Also contained in Fig. 15 is a 

timing diagram showing the working principle of the timing discriminator. As can 

be seen, the first edge of the output pulse is determined by the arming comparator, 

so that it also affects the output pulse width, while the second edge, the timing edge, 

is defined only by the timing comparator (Papers II and IV). 
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Fig. 15. Structure of the timing discriminator and its corresponding timing diagram 

(Under CC BY 4.0 license from Paper IV © 2020 Authors). 

4.4 Measurement results 

The proposed receiver channel was fabricated in AMS 0.35 µm standard CMOS 

technology and a test board was developed to evaluate its performance. A die 

microphotograph of the receiver chip, of dimensions 1.7×1.7 mm2 is shown in Fig. 

16. The chip was enclosed in a QFN24 package. The photodetector was an Si APD 

from First Sensor (AD230-TO52S1) with a typical bias requirement of 100–150 V 

and 30–40 A/W responsivity. Its parasitic capacitance, when biased with these 

voltages, is ~1 pF. A 250 nH off-the-shelf RF inductor (0603HP-R25) with a quality 

factor of 45 @ 250 MHz and an SRF of 1 GHz was used in the experiments. The 

receiver channel was installed on a PCB together with a two-channel TDC capable 

of measuring various pulse characteristics such as rise-time and width with 10ps 

resolution (Jansson, Mantyniemi & Kostamovaara, 2006). Nevertheless, only one 
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stop-channel for measuring the time interval between the start and stop events was 

used in the measurements. 

Fig. 16. Die microphotograph of the fabricated receiver chip (Under CC BY 4.0 license 

from Paper IV © 2020 Authors). 

4.4.1 Circuit-level measurements 

Gain, noise and bandwidth 

The total current consumption of the chip in the simulations was around 60 mA (72 

mA) with the analog buffer disabled (enabled). However, for similar current 

consumption in the measurements, the DC bias points were not identical to those 

in the simulations, and the receiver channel was almost saturated. This problem 

may have occurred because the fabrication corner was different from the nominal 

corner. Because of this issue, the DC current consumption was set to 47 mA (55 

mA) with the analog buffer disabled (enabled). One consequence was that the gain 

in the receiver channel decreased slightly, but as will be seen, this did not greatly 

affect the other receiver parameters.  
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The chip-level characteristics of the receiver were measured through the analog 

buffer, using a 1 GHz KEYSIGHT MSOX3104T oscilloscope and a 3.5 GHz 

Agilent 1131A active probe system.  

In order to measure the transimpedance gain in the receiver channel, an 

electrical pulse with a width of ~3 ns FWHM was applied to the input and 

simultaneously the APD was biased by over 50 V, in which bias region the parasitic 

capacitance of the APD was minimal. The total measured transimpedance gain was 

~1.2 MΩ, or ~121 dBΩ.  

The RMS noise in the receiver channel was also measured under similar 

conditions, except that no input signal was applied and the measurements took 

place under dark conditions (to minimize the background noise). The measured 

noise voltage in the receiver was ~80 mV RMS, or ~70 nA RMS when referred to 

the input according to the measured gain. This value is lower than was expected 

based on the simulations and design parameters, presumably because the calculated 

noise was an estimate based on the noise bandwidth concept and neglected the 

notch effect of the input LC resonator on the core amplifier noise (see eqs. 18 and 

21).  

The receiver channel bandwidth was measured by applying a white light source 

(representing a broadband noise spectrum) to the APD to excite the channel. The 

transfer function of the channel then shaped the noise, and the bandwidth could be 

measured from the shaped frequency response. The measured waveform is shown 

in Fig. 17. As can be seen, the bandwidth at the output of the analog buffer is ~205 

MHz, and the LC tank resonance frequency is ~155 MHz, from which the total 

input capacitance (CT) can be calculated to be ~4 pF. The bandwidth in the channel, 

especially in the early stages, can be estimated to be slightly higher. According to 

simulations, the bandwidth is approximately ~230–240 MHz. 
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Fig. 17. Measured frequency response of the receiver channel (Under CC BY 4.0 license 

from Paper IV © 2020 Authors). 

Dynamic range and walk error 

The setup developed for measuring the dynamic range and walk error of the 

receiver is illustrated in Fig. 18. The laser diode pulses were collimated to the 

entrance pupil of the APD by means of an optical fibre and a set of neutral density 

(ND) optical filters (Thorlabs NEK01). The variation in the optical pulse amplitude 

over a dynamic range of 1:600,000 was simulated by varying the 

attenuation/absorption rates of the ND filters. An XEM6001 FPGA card and a 

Verilog-based program were used to control the measurement process, 

communicate with the TDC and store the measurement results in a PC. 

Measurements were started by sending a trigger pulse to the laser driver. A sample 

of the laser current was then used to trigger the start channel of the TDC, which 

then recorded the time interval once its stop channel had been triggered.  

The laser transmitter included a MOS-based laser driver for driving the laser 

diode (Laser Components, 905D1S2J03Y), using an RLC-based switching method. 

The pulsing rate used in the measurements was ~10 kHz, although this could have 

been increased to much higher rates. A simplified block diagram of the laser driver 

scheme is shown in Fig. 18(a). By changing the value of the capacitor C1 the width 
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of the drive current, and therefore the width of the output optical pulse, can be 

determined, as explained by Hallman et al. (2014) and Kilpelä and Kostamovaara 

(1997). Using this scheme, three pulse shapes were produced, as shown in Fig. 

19(b), and the effect of pulse variations on the dynamic range and walk error of the 

receiver was studied. The pulses were measured using a wide bandwidth optical 

probe (25 GHz) while the bandwidth of the measurement oscilloscope was set to 

250 MHz (close to the bandwidth of the channel, shown with solid lines). The 

dashed lines show the unfiltered versions of the pulses when the bandwidth of the 

oscilloscope was set to 8 GHz. 

Fig. 18. Measurement setup (Under CC BY 4.0 license from Paper IV © 2020 Authors). 
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Fig. 19. Pulse shapes used in the measurements. The dashed lines show the pulses' 

unfiltered versions measured with a high-speed optical probe (oscilloscope bandwidth 

8 GHz) (Under CC BY 4.0 license from Paper IV © 2020 Authors). 

The results of the dynamic range and walk error measurements are shown in Fig. 

20, for which the APD reverse bias was set at 130 V to ensure enough internal gain 

(given a breakdown voltage of ~160 V). Approximately 8000 time-interval 

measurements were performed for each curve at more than 30 points (amplitude 
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levels) and averaged to reach a reliable level of statistical accuracy. The threshold 

level of the arming comparator was set to SNR≥~8 (according to simulations). The 

walk error was less than ~±100 ps over a dynamic range of 1:50,000 for the 3.2 ns 

FWHM pulse shape and 1:64,000 for the 2.6 ns and 2.3 ns FWHM pulse shapes, 

although the curves in any case followed approximately the same pattern, especially 

the 2.6 ns and 2.3 ns pulses, the rise times for which were equal. The minimum 

detectable signal for the 2.6 ns and 2.3 ns input pulses was slightly higher than for the 

3.2 ns pulses, which can be explained by the relationship between the channel 

bandwidth and the pulse rise time. In the light of eq. (3), the 3.2 ns pulse is a better 

match for the bandwidth of the receiver than the shorter pulses. In other words, in the 

case of the 2.6 ns and 2.3 ns pulses the fast edge of the pulse is not fully preserved 

and a portion of the pulse energy is filtered out while passing through the channel.  

The increasing walk error tail seen in all the cases was not seen in the 

simulation phases, when the APD was modelled as an ideal current source with a 

parallel capacitance. This simplified model cannot predict the non-linear behaviour 

of the APD when the input signal is excessively large, in which case the change in 

the reverse bias of the APD (since the voltage across the inductor L varies with the 

input current from the APD) may alter its response.  

Fig. 20. Measured walk error for three pulse shapes (Under CC BY 4.0 license from 

Paper IV © 2020 Authors). 
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Single-shot precision and timing uncertainty 

The timing uncertainty was studied by measuring the distribution of the time 

intervals. For each measurement point the standard deviations (σ values) of the 

measured time intervals were calculated and plotted as a function of the input 

current amplitude, as seen in Fig. 21. As expected, the timing uncertainty improved 

as the SNR increased. The best measured timing jitter for all three pulse shapes was 

~23 ps, a result which was affected by the limited TDC precision, saturated slew 

time of the bipolar signal and jitter of the laser start pulse. 

Fig. 21. Timing jitter of the measured time intervals as a function of the input amplitude 

(Under CC BY 4.0 license from Paper IV © 2020 Authors). 

 Drift with temperature 

Drift with temperature is considered a systematic error that should be appropriately 

compensated for in every TOF radar system. To study the effect of temperature 

variation on the performance of the receiver channel, the receiver PCB was placed 

in an oven and its temperature swept from 10 °C to 50 °C in 10 °C steps. The rest 

of the system remained outside the oven. According to the datasheet, the 

temperature dependence of the APD was compensated for by +0.45 V/°C (130 V 
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at 23 °C). A dynamic range assessment was performed for each temperature point, 

yielding the results shown in Fig. 22. The receiver showed an average drift of ~3.92 

ps/°C in its walk error. Furthermore, it demonstrated uniform behaviour within the 

temperature range indicated, even when intensely saturated with high input signal 

levels.  

Fig. 22. Effect of temperature drift on the receiver channel walk error (Under CC BY 4.0 

license from Paper IV © 2020 Authors). 

4.4.2 System-level measurements 

The performance of the receiver channel was also studied in a real LiDAR 

environment. Variation in the amplitude of the received echo can be caused by 

variations in reflectivity and/or in the distance from the target. In the present 

measurements the atmospheric effect which can cause pulse variation at distances 

above 100 m (the exponential term in eq. (1)) was neglected. Also, the overlap 

function (T(R) in the same equation) was maximized by manually setting the 

paraxial optics to focus the laser beam on the target surface when it was located at 

the maximum distance. However, as shown below, due to the bi-axial optics used 

here the overlap function degrades when the target distance is less than 5 m. 
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In order to perform the LiDAR measurements, a laser radar prototype was 

developed, as shown in Fig. 23. The control program for the measurements was 

similar to that shown in Fig. 18. A set of paraxial optics was installed in front of the 

laser radar to focus the pulses on the target and collimate the reflected echoes on 

the active area of the APD. The focal lengths of the optics for the laser transmitter 

and receiver, respectively, were 3 cm and 2 cm. Since the emitting stripe width of 

the laser beam was 75 µm, the corresponding divergence of the laser beam was 

~2.5 mrad, which gave a spot size of ~7.5 cm at a distance of 30 m. An analog 

probe was attached to the receiver PCB to measure the level of the echo reflected 

from the target.  

Fig. 23. The laser radar setup developed for the system-level measurements. 

In the light of the circuit level measurements, a 3.2 ns pulse was used in these 

experiments. The measured peak power of the laser (after the optics) was 10 W.  

The laser radar was installed on a measurement track with a 35 m distance 

range and a target locating accuracy better than ±0.5 mm. The reverse bias voltage 

of the APD was set at 138 V to provide enough internal gain for the intended 

measurement range. Three types of target material were used, each with a different 
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reflectivity: black cardboard, white paper and a diamond-grade reflective sheet, 

possessing reflectivities (ρ) of 12%, 100% and >>100%, respectively. The first two 

are diffuse reflecting (Lambertian-type) targets, while the last-mentioned is a 

retroreflector and with specular reflection properties. The reflectivity levels quoted 

here are relative to the reflectivity of the white (copy) paper in the direction of the 

optical axis, as provided in (Riegl, 2009) for a wavelength of ~900 nm.  

A sample measurement carried out with the target located at 21 m is shown in 

Fig. 24. It shows the analog output and the comparator output (fed to the TDC). 

The corresponding input current amplitudes for the black cardboard, white paper, 

and diamond-grade sheet (with a 42% transmittance filter) were ~2.25 µA, 17 µA 

and 26 mA, respectively. As can be seen, pulse shaping is carried out and the 

corresponding timing points demonstrate a small timing deviation. Another point 

that can be deduced from this measurement is that even when the receiver channel 

is firmly in clipping mode (as in a 26 mA input current) it can return to the initial 

condition within ~160 ns (from 130 ns to ~290 ns). It is shown in Paper V that the 

maximum recovery time for higher input levels such as 100–200 mA is ~250 ns, 

which means that a pulsing rate of up to 4–5 MHz can be supported. 
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Fig. 24. Sample bipolar signal measurements from a) the analog output buffer, and b) 

comparator output for three types of target material (Under CC BY 4.0 license from 

Paper V © 2020 Authors). 

Intensity measurements 

The first step was to determine the equivalent input optical pulse variation 

(dynamic range) for each target by measuring the intensity of the reflected echo 
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while the targets with different reflectivity levels were swept over the track in 0.5–

1 m steps, in order to cover a wide dynamic range. The intensity of the reflected 

echo was assessed by measuring the peak-to-peak amplitude of the bipolar signal 

for each target and each distance point on the track. In these measurements the 

channel was kept in its linear region using the same neutral density filters 

mentioned in section 4.4.1, in which their transmittance at 905 nm wavelength had 

already been measured. Since the total transimpedance gain of the receiver is also 

known (1.2 MΩ), the equivalent APD current can then be calculated. The result is 

shown in Fig. 25. The minimum and the maximum measured echo signals were 

~0.8 µA for the black cardboard at 35 m and ~260 mA for the diamond-grade sheet 

at ~5 m. This means that the total dynamic range of the optical pulse is more than 

1:300,000. The effect of the paraxial optics can also be seen in this figure, as the 

maximum reflected echo for all three targets was measured at ~5 m, below which 

the intensity of the reflected echo shrank rapidly. In this region the overlap function 

starts to deteriorate, and the receiver lens can see only a small portion of the optical 

beam spot.  

Fig. 25. Measured intensities for different target materials (Under CC BY 4.0 license 

from Paper V © 2020 Authors). 
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Linearity measurements 

Once the equivalent dynamic range of the input optical pulses is known, the 

nonlinearity of the distance measurement can be evaluated for each target material 

when swept over the track. In these measurements, the round-trip time interval for 

the reflected echo was measured at each point and the results translated into 

distances according to the known speed of light and compared with the actual 

distances (from the calibrated track). The linearity error is defined as the difference 

between the measured distance and actual distance for each measurement point. Six 

thousand measurements were performed and averaged for each point. In the case 

of the diamond-grade sheet, two sets of measurements were performed, one with a 

75% transmittance filter in front of the receiver lens (dashed blue curve), and the 

other without any attenuation filter (continuous blue curve). According to Fig. 25, 

the input current of the APD varied in the range ~20–195 mA in this measurement 

(75% of the APD current in the case of diamond grade sheet).  

The results of these measurements are shown in Fig. 26. The laser radar showed 

a maximum nonlinearity error at ~5 m when the target was the diamond-grade sheet, 

corresponding to a ~260 mA input current. For all the other cases, corresponding 

to a dynamic range of more than 1:200,000 (input current in the range ~0.8 µA:195 

mA), the nonlinearity error was ±1.5 cm. This error resulted mainly from 

nonidealities in the receiver electronics (i.e., timing walk error due to varying signal 

amplitude). Possible variations in the overlap function and thus in the shape of the 

received pulse may also affect the total nonlinearity error of the laser radar.  
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Fig. 26.  Nonlinearity of the laser radar for targets with different reflectivity levels (Under 

CC BY 4.0 license from Paper V © 2020 Authors). 

The distribution of the measured time intervals when the target was at 35 m is 

shown in Fig. 27. The single-shot precision (i.e., jitter) of the laser radar can be 

calculated from this distribution. In the case of the white paper, the equivalent SNR 

is 93, and the standard deviation (σ value) of the distribution is 13 mm, while the 

measured jitter in the case of the diamond-grade sheet (SNR>>100) was at its 

minimum level of ~3 mm. The jitter was at its minimum in this case because the 

large input current drove the receiver channel into the clipping mode, so that the 

signal generated shot noise of the APD and the limited precision of the TDC (10 ps 

equivalent to 1.5 mm) restricted the minimum achievable precision.  

In the case of the black cardboard, the signal level was almost at its minimum 

(~0.8 µA, equivalent to SNR≈10), in which case the distribution of the hits was not 

normal. This was because a disturbance resulting from interaction between the 

high-speed digital output and the sensitive analog input would modulate the timing 

point when the signal slew rate was low. As the signal level, and therefore the slew 

rate increases, the effect of this modulating disturbance is attenuated, so that such 

behaviour is not seen at higher signal levels.  
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Fig. 27. Distribution of the measured distance hits when the targets are at maximum 

distance from the laser radar (Under CC BY 4.0 license from Paper V © 2020 Authors). 

In Fig. 28 about 80 waveforms sampled from the analog buffer output when the 

target was black cardboard at a distance of 35 m are superimposed for each of two 

arming threshold levels (according to Fig. 10 and Fig. 15). The upper diagram 

shows a case in which a nominal threshold voltage was used (~100 mV, used in the 

majority of TOF measurements), while in the lower one the threshold voltage was 

set to a higher value (~220 mV), so that the comparator output was scarcely 

triggered at all, since the signal level was very low. In principle, the distribution of 

the analog outputs should be similar regardless of the status of the threshold voltage 

in the timing discriminator. However, as can be seen, the distribution is not as clear 

in the case of the lower threshold as it is in that of the higher threshold. This means 

that when the output comparator is triggered a disturbance is fed back to the input 

side of the receiver chip and affects the signal in the channel. Nevertheless, the 

effect of this disturbance is scaled down as the signal becomes stronger, since the 

slew rate of the signal is improved even though the digital output is triggered.  

This problem was also seen in the chip level measurements. As shown in Fig. 

21, the measured jitter level increases rapidly as the signal amplitude falls below 

1–1.5 µA. This problem can be addressed using an advanced isolation technique 

between the input and output parts at the layout phase of the physical 

implementation of the receiver.  
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Fig. 28. Superimposed curves for ~80 output samples measured with two arming 

threshold voltages: above, ~100mV, and below, ~220 mV. 
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5 Discussion and comparison 

The aim of this work was to develop an  integrated receiver chip for a pulsed TOF 

laser radar that can cover a wide dynamic range of input optical pulses of at least 

1:10,000 while keeping the accuracy error (walk error) at a low level. The other 

goal was to accomplish this without using timing walk compensation or gain 

control techniques, as has been usual in other related works, in order to simplify 

the receiver implementation. The receiver technique proposed here was based on 

front-end unipolar-to-bipolar pulse shaping at the input of the receiver channel, and 

the timing moment was marked as the zero-crossing point of the converted signal. 

In this respect what is proposed here is a new circuit-level implementation of the 

pulse shaping technique in which an LC tank converts the unipolar pulse received 

from the APD to a bipolar signal current and feeds it to a nonlinear shunt feedback 

TIA. The functionality of the proposed front-end was then demonstrated through 

rigorous small signal, large signal and noise analyses. Design trade-offs between 

various receiver channel characteristics, such as bandwidth versus noise and 

precision or noise versus walk error, have also been discussed.  

The selected input pulse shape, an important parameter for defining the 

receiver characteristics, was 2–3 ns FWHM, since pulses of this kind can easily be 

produced with enough power for long-range distance ranging applications, as 

discussed in Chapter 2. The chip-level measurements showed that the bandwidth 

of the receiver channel is 230 MHz and a dynamic range of 1:50,000 can be 

achieved with a maximum walk error of ±100 ps. The effects of variation in pulse 

shape and temperature on the accuracy of the receiver chip were also studied.  

System-level measurements in a LiDAR environment was developed for 

examining the functionality of the proposed receiver technique in a real distance 

ranging application, in which it was shown that the amplitude of the reflected 

echoes can vary in a dynamic range of 1:300,000 even at a distance range of 35 m 

when target materials having different reflectivity levels (including the Lambertian 

type and the retroreflector type) are used. It was also shown, however, that when 

the targets are of the Lambertian type the dynamic range is substantially lower (e.g. 

~1:300…1000). Nevertheless, under the system conditions described here and 

using a 3 ns pulse length, the laser radar showed a total nonlinearity of ±1.5 cm 

within a dynamic range of 1:200,000 and ±3.5 cm over the whole dynamic range 

(1:300,000). 

A summary of the results achieved in terms of chip-level measurements is 

given in Table 1, which also includes some other recently proposed works in this 
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domain. The table includes works based on leading-edge compensation methods, 

various gain control schemes, the sub-nanosecond detection principle, and pulse-

shaping techniques. CFD-based methods are not shown in the table, since others 

usually outperform this technique in terms of dynamic range and implementation 

size. 

Table 1. Summary of the results achieved and comparisons with other recently 

published pulsed TOF receivers. 

Parameter 
Works 

A B C D E F G H Paper IV 

Technology 

(µm) 

0.18 

CMOS 

0.35 

CMOS 

0.18 

CMOS 

0.35 

CMOS 

0.18 

CMOS 

0.18 

CMOS 

0.35 

BiCMOS 

0.35 

BiCMOS 

0.35 

CMOS 

BW1 (MHz) 700 230 281 140 153 150 200 16009 230 

PW2  

(ns) 
0.1 3 3 5 5 5 6 6 3 

IRN3 

(nA RMS) 
450 100 78 17 11 56 130 190 70 

MDS4 (µA) 

@ SNR 

4.5 

@ 10 

1 

@ 10 

2 

@ 25 

0.053 

@ 3.3 

0.54 

@ 50 

0.28 

@ 5 

1.3 

@ 10 

1.9 

@ 10 

0.6 

@ 9 

Walk error  

(ps) 
470 ±28 ±30 ±1400 850 ±1000 ±55 ±36 ±100 

DR5 1:21000 1:100000 1:5000 1:12000 1:10000 1:2000 1:3000 1:1280 1:50000 

Precision 

(ps) 

@ SNR 

62 

@ 10 

170 

@13 

65 

@ 25 
NA6 NA NA 

450 

@ 10 

220 

@ 10 

100 

@ 12 

Front end 

technique 

WB10 

R-TIA 
R-TIA R-TIA C-TIA 

R-TIA + 

CM7 TIA 
R-TIA 

CM TIA 

(RGC)8 

Pulse-

shaping 

Pulse-

shaping 

Walk 

Comp. 

Sub ns. 

detect. 

PW + 

rise-time 

PW + 

amp. 

CDD11/ 

gain ctrl 

Prog. 

gain ctrl. 

Adapt. 

gain ctrl. 
NN12 NN NN 

1Bandwidth, 2Pulse width, 3Input Referred Noise, 4Minimum Detectable Signal, 5Dynamic Range, 6Not 

Available, 7Current Mode, 8Regulated Cascade Coupled (Regulated Cascode) Current Buffer, 9simulated 

bandwidth of the amplifier channel excluding the effect of input LC resonator, 10Wide Band, 11constant 

delay detection, 12Not Needed. 
AHintikka & Kostamovaara, 2017; BKurtti et al., 2017; CWang et al., 2020; DHong-Soo Cho et al., 2014; 
EZheng et al., 2018a; FZheng et al., 2018b; GKurtti & Kostamovaara, 2009; HPehkonen et al., 2006. 
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All the methods except for that of Hintikka and Kostamovaara (2017) used nano-

second pulses, owing to the availability of powerful lasers and drivers in this pulse 

regime. The minimum detectable signal is usually limited by the noise, but as can 

be seen, different minimum SNRs are reported in each work. The minimum SNR 

depends primarily on the acceptable false triggering rate, which is application-

dependent. Furthermore, there may be other limitations imposed by the timing 

detection scheme or walk compensation technique in some cases. For example, the 

accuracy of the peak detector used by Wang et al. (2020) in their amplitude 

measurements deteriorates as the signal falls below SNR=25.  

The walk compensation method employed in each work is mentioned briefly 

in the table. Hong-Soo et al. (2014) used a C-TIA to detect extremely low signal 

levels, which is suitable for long-range applications, and a walk compensation 

scheme known as constant delay detection was also employed. This technique is 

similar to the rise-time-based compensation introduced by Nissinen et al. (2009), 

but the walk error is still of the order of a nanosecond. A similar walk compensation 

scheme was used by Zheng et al. (2018a), in which a combination of an R-TIA and 

current mirror TIA with embedded gain control were employed to enhance the 

dynamic range to 1:10,000. On the other hand, Zheng et al. (2018b) implemented 

an adaptive gain control technique in the post-amplifiers, but the dynamic range 

that they achieved was relatively narrow compared with the results of other works, 

while their reported walk error was also considerable.  Kurtti et al. (2017) used a 

combination of rise time and pulse width information to compensate for the walk 

error, thereby achieving an extensive dynamic range with very low walk error. The 

walk error (and jitter) reported by Hintikka & Kostamovaara (2017) was improved 

(considering the reported dynamic range) thanks to the use of sharp pulses of 100 

ps and a wide band receiver, although at the cost of a higher noise level and poorer 

sensitivity.   

The techniques mentioned above nevertheless need extra effort and/or post-

processing to implement their gain control scheme or walk compensation. In the 

proposals put forward by Kurtti et al. (2017) and Nissinen et al. (2009) for example, 

the calibrated walk compensation curves, after being generated using a multi-

channel TDC, need to be stored in a look-up table to be applied in real LiDAR 

measurements.  

Pulse shaping-based timing detection has been implemented previously by 

using either high pass RC differentiation or an RLC resonator. The main limitation 

with RC differentiation is that it cannot be implemented immediately at the input to 

the receiver channel due to the shunting effect of large parasitic capacitance of  the 



photodetector and bonding wires, while implementing the differentiation 

scheme after the front end would restrict the usable dynamic range of this 

technique by the limited linear range of the preamplifier. To mitigate this issue and 

provide a higher voltage headroom, Kurtti and Kostamovaara (2009) biased the 

pre-amplifier stage by a higher power supply (5 V), while the rest of the chip had 

a 3.3 V bias. 

The work presented by Pehkonen et al. (2006) can be compared with the 

present project in several respects. Their input noise level was relatively high due 

to the relatively small front-end resistor (1.2 kΩ) immediately at the input and the 

use of a broadband voltage amplifier channel used to minimize the walk error. 

Consequently its minimum detectable signal is limited to ~2 µA (SNR=10). 

Another drawback with this design is the relatively large inductance (2.2 µH) 

which is used to maximize the bipolar voltage swing at the input of the receiver 

channel. As a result, the signal oscillation frequency is relatively low (50 MHz), 

which causes a relatively high timing jitter. Another problem is that the early 

current to voltage conversion at the input of the receiver channel restricts the 

maximum acceptable input current that can be detected, since a limited voltage 

headroom is available inside the receiver chip. In other words, the unipolar-to-

bipolar conversion is corrupted as soon as the signal swing exceeds the voltage 

headroom available in the receiver. These problems have been addressed in the 

present proposal by combining the LC resonator with a nonlinear feedback TIA 

channel, in which the saturation of the core amplifier is compensated for by 

adaptive modification of the feedback pass impedance. As a result, the dynamic 

range has been extended while maintaining the low level of timing inaccuracy. 

80 
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6 Summary 

Pulsed TOF laser radars have been a topic of interest for many years, and advances 

have been made in the development of lasers, driving techniques, photodetector 

technologies and integrated circuits on the strength of which the capabilities and 

applications of these devices have been growing constantly.  This thesis has been 

concerned with the classic type of receiver configuration used in pulsed TOF radars, 

in which the photodetector (here an APD) produces a photocurrent pulse which is 

linearly proportional to the intensity of the reflected echo. This detection mode 

requires high-speed analog (linear) signal processing techniques, since narrow (2–

10 ns) optical pulses are typically used. The main challenge with this type of 

receiver arises from the extensive variations that occur in the intensity of the 

reflected echo, resulting in a considerable accuracy error (known as walk error) in 

the receiver. Throughout the past thirty years, and especially during the last decade, 

various solutions have been proposed to mitigate this issue. These solutions have 

mainly focused on either time-domain walk compensation methods or various gain 

control schemes, which usually increase the structural complexity of the receiver 

or detract from its speed.  

The aim of the present work was to design and implement an integrated 

receiver channel for a pulsed TOF laser radar that can support a dynamic range of 

at least 1:10,000 of the echo pulses with a low walk error and low timing jitter 

without using timing walk error compensation or gain control techniques. Such a 

receiver structure could substantially reduce the complexity of a TOF system.  

The proposed receiver technique is based on pulse shaping of the received echo 

signal after being detected by the photodetector (APD). The input pulse from the 

APD excites an LC tank, as a result a bipolar current signal is generated. The 

bipolar current passes through a nonlinear shunt feedback TIA and generates a 

damped sinusoidal voltage signal at the TIA output. Contrary to leading-edge 

detection-based methods, the timing point is defined as the first zero crossing of 

the converted signal, and therefore is not affected by the rise time variation of the 

input pulse.  

The proposed scheme features a noise-less front-end LC resonator, which 

allows a low noise level at the input of the receiver channel. Additionally, the 

variable gain TIA (using auxiliary transistors) facilitates a wide dynamic range with 

a low walk error without using gain control or walk error compensation. 

The receiver design methodology and various design trade-offs between 

receiver characteristics (e.g., bandwidth, gain and noise) and the desired system-
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level performance (e.g. low walk error and low timing jitter) have been discussed 

thoroughly in the thesis. The receiver chip developed here was fabricated in AMS 

0.35 µm standard CMOS technology and tested experimentally by means of a 

laboratory setup. The bandwidth and total input-referred noise current of the 

receiver were 230 MHz and 70 nA RMS, respectively, and it was shown that the 

receiver chip can cover a dynamic range of 1:50,000 with a maximum walk error 

of ±100 ps (or ±1.5 cm in distance) when pulses of width 2–3 ns are used. Also, the 

single-shot precision of the receiver for an SNR of 12 was 100 ps.  

The usability of the receiver chip was also verified by constructing a laser radar 

prototype and performing a set of LiDAR measurements on a calibrated track using 

target materials representing different reflectivity levels. It was shown that even 

over a distance range of 3–35 m, the dynamic range of the reflected echoes can 

vary in a range of 1:300,000 when Lambertian and retroreflector types of material 

are used. The linearity error of the laser radar was ±3.5 cm in this dynamic range 

and ±1.5 cm in a dynamic range of 1:200,000.  

The proposed receiver scheme can be easily integrated with a one-channel 

TDC, as the only timing parameter to be discriminated is the zero-crossing of the 

converted signal. In addition, the proposed method can support pulsing rates in the 

range of hundreds of kHz to a few MHz, since the device can return to its initial 

state a few hundred nanoseconds after each detection at the latest. Accordingly, this 

receiver structure can be used in applications that require high speed or a high level 

of timing precision, including compact 2D line profilers and 3D range imagers. 
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