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Hintikka, Mikko, Integrated CMOS receiver techniques for sub-ns based pulsed
time-of-flight laser rangefinding. 
University of Oulu Graduate School; University of Oulu, Faculty of Information Technology
and Electrical Engineering; Infotech Oulu
Acta Univ. Oul. C 694, 2019
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

The goal of this work was to develop a CMOS receiver for a time-of-flight (TOF) laser rangefinder
utilizing sub-ns pulses produced by a laser diode operating in gain switching mode (~ 1 nJ
transmitter energy). This thesis also discusses the optical detector components and their usability
with sub-ns optical pulses in laser rangefinding and the effect of the laser driver electronics on the
shape of the sub-ns laser output, and eventually on the timing walk error of the laser rangefinder.

The thesis presents the design of an integrated receiver channel IC intended for use in the
pulsed TOF rangefinder. This is realized in a low-cost and consumer electronics-friendly CMOS
technology (0.18 μm) and is based on a linear receiver and leading edge time discrimination. The
measured walk error of the receiver is ~ 500 ps (4.5 cm in distance) within a 1:21,000 dynamic
range. The measured jitter of the leading edge, affecting the single-shot precision of the radar, was
~ 12 ps (1.6 mm in distance) at an SNR > 200. In addition, a pulsed TOF rangefinder using the
receiver IC developed here was designed and used for demonstrating the possibility of measuring
tiny vibrations in a distant non-cooperative target. The radar was used successfully to observe 10
Hz vibrations in a non-cooperative target with an amplitude of 1.5 mm (sub-mm precision after
averaging) at a distance of ~ 2 m.

One important result was the demonstration of a difference in walk error behaviour between
MOSFET and avalanche BJT-based laser pulse transmitters. The practicability of an integrated
CMOS AP detector in sub-ns laser rangefinding was also studied.

Keywords: CMOS receiver channel, laser rangefinding, optical detector, sub-ns pulse





Hintikka, Mikko, Integroidut CMOS-vastaanotintekniikat alle ns pulssia
hyödyntävässä valopulssin kulkuaikamittaukseen perustuvassa laseretäisyys-
mittauksessa. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Tieto- ja sähkötekniikan tiedekunta; Infotech
Oulu
Acta Univ. Oul. C 694, 2019
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Työn tavoitteena oli kehittää CMOS-vastaanotin valon kulkuaikamittaukseen perustuvaan laser-
etäisyysmittariin, joka hyödyntää ”gain-switching”-tekniikalla toimivan laserdiodin (~ 1 nJ ener-
gia) tuottamia alle nanosekuntiluokan laserpulsseja. Väitöskirja tutkii myös valovastaanotinkom-
ponenttien käyttökelpoisuutta alle nanosekuntiluokan laserpulsseja hyödyntävässä laseretäisyys-
mittauksessa. Työssä tutkitaan myös laserdiodilähettimen elektroniikan vaikutusta alle nanose-
kuntiluokan laserpulssien muotoon ja lopulta niiden vaikutusta systemaattiseen ajoitusvirhee-
seen laseretäisyysmittauksessa.

Väitöskirja esittelee suunnitellun valopulssin kulkuaikamittaukseen perustuvaan laseretäi-
syysmittariin soveltuvan integroidun vastaanotinkanavan IC-piirin. Se on toteutettu halvalla,
kulutuselektroniikkaan soveltuvalla CMOS tekniikalla (0,18 μm) ja se perustuu lineaariseen vas-
taanottimeen ja nousevan reunan ilmaisuun. Vastaanottimen mitattu systemaattinen ajoitusvirhe
on ~ 500 ps (4,5 cm matkassa) 1:21 000 signaalivoimakkuuden vaihtelualueella. Vastaanottimes-
ta mitattu laseretäisyysmittarin kertamittaustarkkuuteen vaikuttava nousevan reunan satunnai-
nen ajoitusepävarmuus oli ~ 12 ps (1,6 mm matkassa) signaalikohinasuhteella > 200. Lisäksi
tässä työssä toteutettiin kehitettyä vastaanotin-IC piiriä hyödyntävä valopulssin kulkuaikamittau-
kseen perustuva etäisyysmittari, jolla kyettiin havainnollistamaan mahdollisuutta mitata pientä
tärinää kaukaisessa passiivisessa kohteessa. Tutkalla onnistuttiin havainnoimaan 1,5 mm vaihte-
luväliltään olevaa 10 Hz tärinä ~ 2 m etäisyydellä olevasta kohteesta.

Väitöskirjan yksi tärkeä tulos oli havainnollistaa systemaattisessa ajoitusvirheessä havaittava
ero MOSFET-transistoriin ja vyöry-BJT-transistoriin perustuvan laserpulssilähettimen välillä.
Integroidun CMOS AP vastaanotinkomponentin käyttökelpoisuus alle nanosekuntiluokan lasere-
täisyysmittauksessa tutkittiin myös.

Asiasanat: CMOS vastaanotinkanava, alle nanosekuntiluokan pulssi,
laseretäisyysmittaus, valovastaanotin
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List of terms, symbols and abbreviations 

i.e. id est 

e.g. exempli gratia 

ADC analogue to digital converter 

AM amplitude modulation 

APD avalanche photodiode 

ASIC application specific integrated circuit 

BJT bipolar junction transistor 

BW bandwidth 

CMOS complementary metal-oxide-semiconductor 

CW continuous wave 

ESD electrostatic discharge 

FET field-effect transistor 

FM frequency modulation 

FWHM full-width-at-half-maximum 

HV high voltage 

IC integrated circuit 

LADAR laser detection and ranging 

LCR inductor capacitor resistor 

LD laser diode 

LIDAR light detection and ranging 

MSM metal-semiconductor-metal 

MOSFET metal-oxide-semiconductor field-effect transistor 

ND neutral density 

NPN n-type/p-type/n-type 

PIN p-type/intrinsic/n-type 

RADAR radio detection and ranging 

RC resistor capacitor time constant 

RMS root mean square 

SNR signal-to-noise ratio 

SPAD single photon avalanche detector 

TDC time-to-digital converter 

TIA transimpedance amplifier 

TOF time-of-flight 

3D three dimensional 
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Ar area of the receiver optics 

CD load capacitance 

CT total capacitance 

f frequency 

gm transimpedance of the transistor 

In,TIA noise current of transimpedance amplifier 

in,rms root mean square value of the noise current 

IP photo current 

is signal current 

k Boltzmann constant 

Ltot total inductance 

P0 optical power of the transmitter 

Rb bias resistor 

RD damping resistor 

Rd resistance of the laser diode 

Rf feedback resistance 

RT transimpedance 

T temperature 

TP pulse width 

tr rise time (from 10% to 90%) 

VHV high voltage bias 

Vin input voltage 

Vmax maximum voltage 

Vout output voltage 

Vth threshold voltage level 

ε diffuse reflectance of the target 

Γa optical confinement factor 

σt standard deviation of timing point 

σv standard deviation of noise voltage 

τ efficiency of the optics 
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1 Introduction 

A LIDAR (light detection and ranging) device uses the same principle as classic 

RADAR (Radio Detection and Ranging), where the distance from the target is 

obtained from the transit time of a transmitted and received electromagnetic pulse 

wave (Richmond & Cain, 2010). The optical distance measurement can be based 

on interferometric methods, geometric methods (triangulation) or time-of-flight 

(TOF) techniques (Besl, 1988; Bosch & Lescure, 1995). The TOF method can be 

based on either amplitude or frequency modulation (AM, FM), both of which need 

a continuous wave (CW) laser light source or pulse modulation in which the flight 

time of a short pulse reflected from the target is measured (Goldstein & Dalrymple, 

1967; Koskinen, Kostamovaara, & Myllylä, 1991).  

TOF laser rangefinders have been used in industrial systems in many ways for 

decades. Riegl (2018), for example, presents a variety of LIDAR systems based on 

TOF radar technology and intended for applications in mining, forestry, surveying, 

wide area mapping, design-build/construction and civil engineering. The variety of 

applications is widening all the time, especially with the availability of fast three-

dimensional (3D) scanners which can be used to produce accurate 3D distance 

information (a point cloud) from the surroundings. Some examples of applications 

to forest inventories, map services and civil engineering are presented by Liang et 

al. (2016) and Beraldin (2004). The increasing variety of applications using 3D 

range imaging scanners (e.g. airborne and mobile scanners) has required a 

reduction in the physical size of the scanners, although not at the cost of lower 

precision. This emphasizes the importance of using microelectronics in laser radar 

electronics, since this should pave the way towards the realization of a laser radar 

as an integrated microsystem. 

In the continuous-wave (CW) laser rangefinding method the phase difference 

between the emitted and received modulated signal is measured, but the 

unambiguous measurement distance is limited by the frequency of the modulation 

(Kilpelä, 2004). On the other hand, high precision necessitates the use of a high 

modulation frequency (e.g. 100 MHz). By using several modulation frequencies, 

for example, the non-ambiguous measurement range can be extended, but only at 

the expense of a longer measurement time and more complex realization (Smith, 

1980). The presence of several targets within the transmitter illumination, causing 

reflections from multiple distances, is obviously also a problem for CW phase 

comparison laser radar techniques. 
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The pulsed TOF principle enables one to achieve a long unambiguous 

measurement range limited by the pulsing frequency, so that the previous pulse 

needs to be returned before transmitting the next (e.g. 100 kHz corresponds to ~ km 

range). It also reaches high precision with a high measurement speed, since a 

measurement based on a single transmitted pulse, typically gives cm-level 

precision (Kurtti & Kostamovaara, 2009; Palojärvi, Ruotsalainen & Kostamovaara,  

2005). One advantage is obviously that the pulsed TOF technique can handle 

multiple echo pulses from several targets. 

Although CW modulation-based phase comparison techniques result in 

relatively simple electronic realizations, the pulsed TOF principle is more 

challenging, requiring the processing of ns-scale optical and electrical pulses by 

time interval circuits with ps precision. In CW phase comparison techniques, 

although high-frequency modulation of the transmitter may have been used, the 

signal processing electronics can have considerably lower band width since the 

phase shift carrying the distance information can already be mixed with a lower 

frequency at the optical detector, for example (Payne, Dorrington, Cree, & 

Carnegie, 2009).  

In TOF laser radar systems variation in the optical reflectivity, orientation and 

distance of the target can affect the dynamic range of the optical echo amplitude to 

be measured, and a dynamic range may exceed 1:100 000 in some cases (Kurtti, 

Nissinen, & Kostamovaara, 2017). This amplitude variation poses a major 

challenge in terms of realization, since it affects the timing accuracy. In principle, 

the pulsed TOF method is attractive in systems requiring a high dynamic range, 

since the inherent timing error can be minimized by using short laser pulses with a 

high slew-rate. 

The precision of pulsed TOF greatly depends on the width of the pulse, in 

addition to which a shorter pulse will give better precision and eye safety. Also, the 

capability of the radar to distinguish multiple close echo pulses is improved with 

shorter laser pulses. Conventional pulsed TOF laser radars typically use optical 

pulse lengths of 3–5 ns. The pulse width limitation arises from the speed of the LRC-

type switching approach adopted in the laser transmitter typically used to drive the 

high-power laser diode in the ns-regime (Herden, 1976; Kostamovaara, Määttä, 

Koskinen, & Myllylä, 1992; Kurtti et al., 2017). 

Laser diode structures capable of producing impulse-like fast laser pulses have 

been studied intensively during the past decade. A new laser diode which can 

produce a notable increase over the earlier achievable optical pulse energy level in 

a sub-ns (< 100 ps) pulse regime was proposed by Ryvkin, Avrutin, & 
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Kostamovaara, 2009. This optical pulse can be generated with relatively a simple 

electronic driving scheme, making this laser diode transmitter an interesting option 

for a pulsed TOF laser radar intended for use with sub-ns laser pulses. One 

advantage of short pulses is that due to their narrow width, the timing point at any 

moment in the pulse makes the timing uncertainty relatively small, thus enabling 

the use of Geiger mode detection, in which even a single photon can induce 

breakdown and thus be detected. This kind of detector (a single photon avalanche 

detector, SPAD) can be realized in standard CMOS technologies with a relatively 

simple receiver, although there are practical limitations with regard to the 

performance available and the distance resolution is limited to an ~ 150 ps range 

(Kostamovaara et al., 2015). The more traditional receiver technique used in pulsed 

TOF laser radar, which is the focus of this thesis, is an event-based technique using 

a linear detector. It needs a larger number of photons, of course, in order to achieve 

a sufficiently high signal-to-noise ratio (SNR) in the receiver for reliable detection 

of the echo pulse, but noise from the background radiation, which is a serious issue 

in Geiger mode detection-based receivers, is greatly alleviated in linear detection. 

In Geiger mode detection the background radiation may completely block the 

receiver, whereas in linear detection it simply increases the total noise with its shot 

noise component (Kostamovaara et al., 2015). 

1.1 Aim and scope of the work  

The goal of the thesis was to develop receiver techniques for a pulsed TOF laser 

rangefinder using sub-ns laser pulses, which in turn involved constructing a 

complete rangefinding system using the resulting receiver circuits in order to verify 

the performance levels that can be reached in ranging through the use of sub-ns 

laser pulses. Especially targeted were applications requiring high measurement 

performance (in the mm range) and high measurement speeds (< 10 ms). One 

specific application of this kind is the measurement of vibration in a distant target. 

The first topic for investigation was how the detector component, basically an 

Avalanche Photo Detector (APD), would respond to high-speed sub-ns laser pulses. 

This question is relevant since laser radars require detectors with a relatively large 

detection area, and thus a relatively large capacitance. Also, commercial APDs 

typically have a cut-off frequency around 1 GHz. This is sufficient for ns level 

pulses but is questionable when sensitivity to sub-ns pulses is required. As the 

behaviour of rangefinders with sub-ns level pulses has not been thoroughly 

investigated in the literature, characterization of the detector in the time domain 
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was obviously necessary as the first part of the work. The other detector considered 

was a CMOS APD, and this was also characterized as an interesting option, since 

it can be integrated into the same chip as the other receiver electronics. The main 

part of this thesis thus concerns the development of the receiver electronics for a 

pulsed TOF rangefinder as an integrated CMOS chip, including leading edge time 

discrimination. The intention was also to study the laser rangefinding behaviour of 

two different kinds of sub-ns laser pulse transmitter, one using avalanche BJT and 

other MOS transistor switches. 

1.2 Contributions and structure of the thesis  

The scientific contribution of the thesis is the development of a laser radar system 

using sub-ns laser pulses and its characterization in an application environment. 

The development work included characterization of the detector components used 

in rangefinders employing short sub-ns pulses. The main part of the work was the 

development of an integrated wide band (700 MHz) CMOS receiver channel 

designed in a standard 0.18 µm HVCMOS. The bandwidth requirement for the 

receiver was much higher than with conventional receivers intended for ns-range 

pulses (bandwidth: 150 – 300 MHz) and obviously a wide bandwidth, low noise 

receiver was one of the key contributions of the thesis. The receiver was verified in 

a real pulsed TOF-based measurement application, which was able to detect 

distance differences with state-of-the-art precision and to measure tiny mm-level 

vibrations in a distant non-cooperative target. In addition to random jitter, the 

timing walk error of the radar was also characterized, being ~ 500 ps within a 

1:21 000 dynamic range. The usability of an integrated CMOS AP detector for sub-

ns laser rangefinding was resolved, and its applicability to a highly integrated short-

range laser microsystem became one of the most important aspects of the thesis. 

Two different types of laser driver electronics were compared with regard to timing 

walk, one using an avalanche BJT transistor switch and the other an NMOS switch, 

and the results indicating a difference in timing walk error behaviour between the 

two also emerged as important scientific findings. 

The thesis is organized as follows. Following this Introduction, Chapter 2 

presents the pulsed TOF principle in more detail, concentrating in particular on the 

theory of how sub-ns pulsing affects the precision of the measurements.  

The contributions of the original papers included in this thesis are summarized 

in Chapter 3, which also shows the chronological flow of the investigation, starting 

from the time domain characterization of the detector component (Paper I), 
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proceeding to presentation and verification of the receiver channel (Papers II and 

III) and finally covering the application part in the last two papers, showing the 

system-level measurements (Papers IV and V).  

Chapter 4 presents the most essential contribution of this thesis in more detail, 

including the receiver channel electronics (Papers II and III) at the highest level 

and also the verification measurement results for the receiver IC designed here. It 

then goes on to present the system-level results showing the performance of the 

receiver in a real environment. 

The performance achieved with the TOF application designed in this thesis is 

discussed and compared with previous work in Chapter 5. Finally, the findings are 

summarized in Chapter 6. 
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2 Pulsed time-of-flight laser rangefinders 

The distinctive purpose of this work was to investigate the use of sub-ns pulse 

detection in pulsed TOF-based rangefinding and to develop a receiver technique 

for use in laser radar devices utilizing sub-ns pulses. As already pointed out in 

Chapter 1, there are several techniques for using laser beams for measuring distance, 

but it is the basic principle of pulsed TOF radars that is presented in this chapter, 

together with the main sources of error in timing detection that affect the precision 

of the rangefinding. The potential advantages of using sub-ns pulses in a laser radar 

system will also be discussed. 

2.1 The general concept of a pulsed-time-of-flight laser range 

finder  

A pulsed TOF laser rangefinder is based on measurement of the transit time of a 

short laser pulse travelling from the laser pulse generator to the target and back to 

the receiver. The measured flight time of the pulse can then be converted to a 

distance from the target based on the known velocity of light. A typical construction 

for a pulsed TOF laser rangefinder is shown in Fig.1. 

 

Fig. 1. Block diagram of a pulsed TOF laser range finder.  

The measurement event begins when the laser pulsing device generates a powerful 

laser pulse and sends this towards to the target. High power laser diodes (peak pulse 

power typically several tens of W’s) are needed for non-cooperative targets, 

because the measurement range can cover several tens of metres or even km in 

pulsed TOF applications. The reference start signal indicating the beginning of the 

measurement event is generated either optically, by detecting a fraction of the 

transmitted pulse with a mirror, for example, or electrically, from the driver current 
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pulse. The start indicator launches the time interval measurement circuit (TDC) 

which then begins to measure the transit time interval.  

The optical echo pulse is reflected back from the target and detected with the 

photo detector, where it is converted to an equivalent photo current which then 

serves as the input signal to the receiver channel. The photo detector is usually an 

Avalanche Photo Detector (APD) due to its multiplication behaviour and therefore 

its ability to improve the signal-to-noise ratio (SNR). The receiver channel 

amplifies the optical echo to a suitable level for acting as a stop signal for the TDC. 

The time interval between start and stop signals as measured by the TDC is the 

flight time of the light pulse and can be converted to the distance from the target. 

Due to the ultimate speed of light, ~ 300 000 000 m/s, the time intervals to be 

measured are very short and the timing accuracy and stability required in the TDC 

and receiver very high (Ruotsalainen, 1999). 

Because of their many advantages, laser radar devices have found many 

industrial applications. Due to the non-contact nature of the measurement, for 

instance, these techniques can be used for measuring the profiles and dimensions 

of objects (Kaisto, Kostamovaara, Moring, & Myllylä, 1990; Kaisto, Kostamovaara, 

Manninen, & Myllyä, 1993) and also hot objects (Araki & Yoshida, 1996; Määttä, 

Kostamovaara, & Myllylä 1993). Laser radars are also used in many commercially 

available applications and the number of possible applications is constantly 

increasing (Riegl, 2018). 

The radar equation is the theoretical background for estimating the received 

light power from the target at the distance Z, and can be written for a non-

cooperative target as (Hovanessian, 1988): 

 

⋅
⋅ ⋅ ⋅ , (1) 

where 	is the power of the receiver aperture as a function of the distance Z, 

	is the optical power of the transmitter, is the area of the receiver optics,  is 

the diffuse reflectance of the target and  is the efficiency of the optics (Wang & 

Kostamovaara, 1994). The radar equation can be used to estimate the signal current 

in the detection, and thus the SNR when the receiver properties are known. The 

valid distance measurement range can then be estimated. An example calculation 

for the maximum distance range for a laser rangefinder could be the following: If 

the responsivity of the APD and the input-referred RMS current noise of the TIA 

are 10 A/W and 100 nA (rms), respectively, an input power level of 10 nW would 
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correspond to the receiver noise level (SNR ~1). For reliable detection, the signal 

needs to be above the noise level, and if SNR ~ 10 is used as the target, for example, 

a maximum distance measurement range of ~ 10 m can be achieved, according to 

(1), with a 5 W pulse, a receiver aperture of 1 cm2, an optics efficiency of 0.7 and 

a target having ε = 0.1. 

 Another method for defining the distance from the target in addition to this 

TDC-based (event-based detection) method is to digitize and store the intensity of 

the light returning to the sensor (sampling receiver) (Mallet & Bretar, 2008). This 

will allow the use of digital signal processing techniques to improve the quality of 

the response. In other words, averaging can be used to improve the SNR so that 

echoes giving a single shot SNR of less than 1, for example, can be detected, which 

is not possible with the event-based approach. The measurement resolution is 

limited, however, by the sampling period of the Analogue to Digital Converter 

(ADC) of the receiver channel (Neilsen, 2011, Texas Instruments, 2011). Thus a 

high sampling rate is needed if cm-range single shot precision is aimed at. At a rate 

of 1 Giga samples per second, for example, and with a one-channel ADC, a range 

estimate can provided at 15 cm resolution. A more serious issue, however, is the 

high power consumption that results from the need for an accurate, high speed AD 

converter in this architecture, especially in multi-channel realizations. Block 

diagrams of the sampling receiver (a) and the TDC-based event detection receiver 

(b) are shown in Fig. 2.  

Fig. 2. Block diagram of a pulsed TOF sampling detector (a) and event-based detector 

(b).  
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2.2 Performance of a pulsed-time-of-flight laser rangefinder  

The main factors limiting the accuracy of a pulsed TOF laser radar are variation in 

the intensity of the echo pulse, causing a systematic timing error, and noise in the 

receiver, causing random error. Jitter in the measurement is mainly produced by the 

random noise (and electrical disturbances), but it can be reduced by averaging 

successive measurement results. On the other hand, minimization of the systematic 

timing error necessitates the use of more advanced hardware and calibration 

methods (Kurtti & Kostamovaara, 2009; Nissinen, I., Nissinen, J., & Kostamovaara 

2009; Palojärvi et al., 2005) 

2.2.1 Noise and jitter 

The maximum measurement range of a rangefinder and the precision of its 

measurements are limited by the noise. In leading edge timing discrimination the 

level of the incoming echo pulse needs to be sufficiently high for reliable detection, 

and this will be related to the permitted false triggering rate (RCA, 1974). In 

practice, the ratio of the peak value of the echo signal to the rms value of the noise 

(SNR) typically needed in pulsed TOF measurements is around 5–10 depending on 

the acceptable failure rate and the probability of pulse detection. RCA (1974), for 

instance, presents a sample calculation for detecting a laser rangefinder pulse in 

white noise. If 99.9% detection probability and a false detection no more than once 

per thousand pulses are aimed at, an SNR level of 8.1 is needed. Noise sources 

affecting the pulse are produced in the transmitter, in the flight path through the air, 

on the target (a non-homogenous and irregularly reflecting surface), in the detection 

in the receiver (e.g. shot noise) and in the time interval measurement unit. The 

dominant noise source is often the electronic noise of the receiver channel 

(Ruotsalainen, 1999).  

The dominant noise in the receiver channel is typically produced by the first 

block of the receiver, which is usually a transimpedance amplifier (TIA). The input-

referred noise current is directly related to the sensitivity of the TIA, and this noise 

measure is a good metric for comparing TIAs. The input-referred noise current can 

be quantified in different ways, e.g. a power spectral density of ,  (f) is 

illustrated schematically in Fig. 3, where panel (a) shows a noiseless TIA with an 

equivalent noise current source In,TIA, at the input. The In, TIA is chosen in such a 

way that, together with the noiseless TIA, it would reproduce the output noise of 

the actual noisy TIA. The power spectrum in panel (b) is measured in pA/sqHz and 
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typically consists of a white part coming from the thermal noise of the Rf , possibly 

a 1/f part at low frequencies (flicker noise with BJT inputs) and an f 2 part at high 

frequencies (Säckinger, 2005). 

 

Fig. 3. a) Input-referred noise current definition and (b) a typical power spectrum for the 

equivalent input current noise (reprinted by permission from Paper III © 2017 Springer).  

The most informative way of defining the noise in a TIA is to define its input-

referred total RMS noise current. This is determined by dividing the total RMS 

output noise voltage by the mid-band trans-impedance value of The TIA (Säckinger, 

2005): 

 , | | ∙  (2) 

 

where Zt is the frequency response of the trans-impedance amplifier and Rt is its 

mid-band value. The integral over the noise current spectrum gives a single 

numerical value, which enables easy calculation of the SNR in the detection. 

  The noise causes random variation in the signal, which shows up as 

uncertainty (jitter) in the timing, as illustrated in Fig. 4 for timing detection when 

multiple signal pulses including random noise are superimposed. 
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Fig. 4. Timing jitter caused by noise.  

Timing jitter in threshold detection can be approximated with the triangular rule 

(Bertolini, 1968): 

 

|
, (3) 

where σt is the standard deviation of the timing point and σv(t) is the noise voltage and 

v(t) the input signal at the timing comparator. This equation can be further simplified 

as: 

 

≃
,

≃ , (4) 

where tr is the rise time of the timing pulse and is is the amplitude of the signal 

current. If one is aiming at an SNR level of 10, for example, and the rise time of 

the receiver pulse is 1 ns, the jitter will be approximately 100 ps. 

2.2.2 Walk error 

The intensity of the received echo pulse in a pulsed TOF varies greatly due to 

changes in the reflectivity, orientation and distance of the target. When using a 

linear detector (an event-based method) operating on the leading edge timing 

discrimination principle, in which the timing comparator generates the timing 

signal as the received echo pulse crosses a certain threshold at the input to the 
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comparator (Fig. 2 b), the amplitude variation will cause timing error (typically 

known as timing walk error) (Gedcke & Williams, 1968; Van de Plassche, 1988). 

One part of this error originates from the geometrical error and the other is caused 

by the finite bandwidth of the receiver channel (RC delay) (Palojärvi et al., 2005; 

Van de Plassche, 1988). The timing walk error induced by the geometrical 

difference between low and high pulses is illustrated in Fig. 5 a), while Figs. 5. b) 

and c) show the error caused by the RC delay of the receiver channel. With a high 

signal (Fig. 5 b) the channel delay is almost negligible but at lower pulse amplitudes 

(Fig. 5 c) the delay amounts to the equivalent RC delay of the receiver channel and 

thus increases the total timing walk (Palojärvi et al., 2005). The geometrical error 

arises from the finite slew rate of the optical laser pulse and can thus be lowered by 

increasing the edge speed of the pulse. When the rise time of the optical pulse is in 

the ns range and the typical receiver channel bandwidth of 130–300 MHz is in use, 

for example, the total walk error can be as large as 1–3 ns, corresponding to 15–

45 cm in distance (Cho, Kim, & Lee, 2014; Ngo et al., 2013; Palojärvi, 2002; Xiao, 

Lopez, Hu, Xiao, & Yan, 2016). 

 

Fig. 5. (a) Timing walk due to varying echo pulse amplitudes (b) timing walk with 

extremely large amplitudes (beyond the linear range of the receiver), (c) equivalent 

electrical RC delay in case of a small signal (reprinted by permission from Paper V © 

2018 AIP).  

2.3 Detection of sub-ns pulses 

As already pointed out, typical pulsed TOF laser rangefinders nowadays use 3–5 ns 

laser pulses in the transmitter. If the laser diode is driven into the gain-switching 

mode, which is a phenomenon in which the laser optical output overshoots for fast 

edges of the input current, a significantly shorter pulse (~ 100 ps) with a typical 
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energy of < 0.1 nJ can be produced (Bimberg, Ketterer, Bottcher & Scoll, 1986; 

Lau, 1988). Even though the use of a shorter pulse width would apparently be 

beneficial as far as accuracy and eye safety are concerned, the problem is that the 

peak power level is also low in standard gain switching. It has been shown recently, 

however, that it is possible to enhance the gain switching markedly by increasing 

the equivalent spot size of the laser diode d/Γa , where d is the thickness of the 

active layer and Γa is the optical confinement factor. A small confinement factor 

will lead to stronger decoupling of electrons and photons in the thick cavity, 

delaying the emission of the optical pulse and therefore allowing a greater carrier 

build-up in the large active layer for bigger optical pulse emissions. As a result, 

laser pulses with an energy of  > 1 nJ (10 W) and length of ∼ 100 ps were produced 

with pulse current drive parameters of ∼ 10 A/1 ns/100 kHz (Hallman, Ryvkin, 

Haring, Ranta, Leinonen, & Kostamovaara, 2010; Lanz, Ryvkin, Avrutin, & 

Kostamovaara, 2013; Ryvkin et al., 2009). The sub-ns pulse generator and the 

advantages of using short pulses for detection will be discussed in the following 

sub sections. 

2.3.1 Walk error improvement achieved with sub-ns pulses 

The timing walk error resulting from the geometrical part (i.e. pulse shape) will 

inevitably become smaller as the pulse width decreases, but the part arising from 

the varying group delay will also become smaller, since the bandwidth of the 

receiver channel should obviously be wider for shorter pulses. Since the electrical 

delay in the receiver channel is inversely proportional to its bandwidth, the higher 

the bandwidth is, the smaller is the delay and also the timing walk. A MatLab 

simulation for a walk error of 300 ps with 3 ns (FWHM) pulses over a dynamic 

range of 1:1000 is shown in Fig. 6. The simulation shows only the geometrical part 

of the walk error, since the receiver was assumed to be ideal (with an infinite 

bandwidth). According to the MatLab sweep, the walk error for 3 ns pulses is over 

2.5 ns, corresponding to ~ 40 cm in distance, while that for a shorter pulse is less 

than 300 ps, corresponding to a distance of ~ 5 cm.  
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Fig. 6. Walk error for 3 ns and 300 ps (FWHM) pulses.  

2.3.2 Jitter improvement 

One advantage achieved when shortening the laser pulse width (while keeping the 

same energy) is related to the total noise level. When the bandwidth of the TIA is 

increased while reducing the pulse width, the noise will increase as indicated under 

the square root sign in equation (2). That means that if the pulse width is reduced 

by the factor of ten, for example, the bandwidth of the TIA will correspondingly 

increase by a factor of ten, while the total noise will only increase by a factor of 

roughly three. If the laser pulse energy can be kept constant, it is obvious that, in 

addition to the improved timing accuracy, the SNR will also be improved. The 

situation when the energy of the pulse is the same in each of the three cases and the 

noise level of the TIA, estimated using equation (2), is illustrated in Fig. 7. 
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Fig. 7. Noise level in the detection with different pulse widths (reprinted by permission 

from Paper III © 2017 Springer).  

In practise, however, the input-referred noise current density cannot be kept the 

same for the TIA regardless of the bandwidth. One reason for this is that the value 

of the feedback resistor RF in the TIA would inevitably have to be scaled down 

when aiming at a higher bandwidth, which would eventually increase the spectral 

density of the noise. Practical experience suggests that the noise level scales in a 

roughly linearly manner relative to the bandwidth. On top of this, it is also 

somewhat challenging to shorten the laser pulse to a sub-ns regime without a loss 

in total energy. Based on earlier research, laser pulses with a typical pulse width 

and energy of 1–3 nJ can be produced, however, with laser diodes working in the 

enhanced gain switching regime (Hallman et al., 2010; Lanz et al., 2013). On the 

other hand, as can be seen in the equation (4), the detection jitter will decrease when 

the speed of the laser pulse is increased at a certain SNR. 

2.3.3 Spatial resolution 

Sub-ns pulses entail the additional advantage of enabling the resolution of targets 

that are close to each other under the laser beam. In some application scenarios, e.g. 

terrain profiling, multiple echoes can be detected in a single transmitted laser pulse, 

as shown in Fig. 8, where the laser spot is split in half at a sharp edge on the target. 

Then the pulse shape will widen to an extent that is dependent on the depth of the 

step in the target. When the step is deep enough, two separate pulses will be 

reflected from the target (each representing half of the spot). As the light pulse 

propagates extremely fast, achievement of this capability for separating such 
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echoes in TOF-based laser radar is very challenging. How short the distance 

differences are that can be resolved will obviously depend greatly on the width of 

the transmitted laser pulses. 

Fig. 8. Double echo detection with sub-ns and ns-level pulses (reprinted by permission 

from Paper IV © 2018 IEEE).  

2.3.4 A sub-ns pulse generator 

As already pointed out, enhanced gain-switching in laser diodes will lead to higher 

optical output emission in the sub-ns second mode. In order to achieve the available 

~ 1 nJ/100 ps performance, a drive current pulse with an amplitude and of ~ 5–10 A 

and a width of < 1.5 ns is typically required (Ryvkin et al., 2009). The current driver 

typically, uses the LCR transient approach depicted in Fig. 9 (Hallman et al., 2014; 

Kilpelä & Kostamovaara, 1997). A capacitor is first charged to a high voltage of 

approximately 150 to 300 V, and then discharged through a semiconductor switch. 

Since the circuit inevitably also includes some inductance (e.g. laser diode and 

switch bonding wires, typically amounting to a few nH), the resulting resonance in 
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the current waveform is damped with a series resistor RD, which is usually selected 

to match the (L/C)1/2, for optimum damping.  

Fig. 9. The laser diode transmitter driving scheme (reprinted by permission from Paper 

V © 2018 AIP).  

Due to its high-speed switching properties, an avalanche transistor would be a 

typical choice for the semiconductor switch in the driver configuration shown in 

Fig. 9. The switching of an avalanche transistor is a rather complicated 2D 

phenomenon and has been quite extensively studied in the literature (Baker & 

Pocha, 1990; Vainshtein et al., 2003, 2005; Duan et al., 2008; Inokuchi et al., 2009; 

Kesar et al., 2013). From the practical point of view, an avalanche transistor is an 

NPN bipolar junction transistor (BJT) with a collector that is biased above the 

collector-base pn-junction breakdown limit. When the circuit inductances are 

carefully minimized, ~ 15 A, 1.5 ns current pulses can be achieved, producing 

~ 100 ps, 20 W laser pulses from the laser diode (Hallman et al., 2012).  

Another option for the driver switch is a MOS transistor, as is typically used 

for longer current pulse widths (> 5 ns) (Ito et al., 2013). However, as shown by 

Hallman et al. (2014), the pulsing scheme of Fig. 9 can be used with a properly 

driven MOS-based switch and current pulses of ~ 1 ns at a peak current level of ~ 

10 A and emitting ~ 100 ps,  ~ 10 W laser pulses. The use of a MOS-based driver 

is advantageous especially in terms of the pulsing speed, since the residual voltage 

that forms from the collector to the emitter in an avalanche BJT increases the power 

consumption, leading to heating and thereby limiting the pulsing frequency to about 

20 kHz. The residual voltage is a consequence of the limited difference between 

the elector and hole velocities in the quasi-neutral region (Vainshtein et al., 2003) 

and FET transistors do not have a significant residual voltage which could allow 
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the use of higher pulsing rates (100 kHz – 1 MHz). The use of a MOS switch-based 

pulsing scheme also gives an advantage in terms of the walk error at higher echo 

amplitudes due to the faster rising edge of the light pulse. A MOS-based laser driver 

is used in most of the measurements reported here, but an avalanche BJT-based 

driver was also used in the work belonging to Papers I and V, and a comparison 

was made between them in Paper V. A typical laser pulse and driving current pulse 

generated in an Avalanche BJT-based driver driving a bulk laser diode with a stripe 

width of 128 µm and a cavity length of 1.4 mm is illustrated in Fig. 10. 

Fig. 10. Laser pulse (red) and laser diode driving current (blue) from an avalanche 

BJT-based laser diode driver (Bulk GaAs/AlGaAs laser diode with a stripe width of 

128 µm and a cavity length of 1.4 mm).  
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3 Review of publications and main 
contributions 

The thesis consists of five publications, the content of the studies and the most 

significant results of which, including their contributions to sub-ns pulse detection 

in TOF-based laser ranging, will be presented in this chapter. 

Sub-ns pulse detection is a relatively new topic, and the time domain response 

of the APD detectors usually used in radars to sub-ns pulses has not been covered 

extensively in the literature. Paper I is concerned with this topic, while the 

characteristics of the pulse transmitter that affect pulse shape and thus walk error 

behaviour are studied in Paper V. Papers II and III characterize the receiver channel 

IC based on simulations (II) and verification measurements (III), and Paper IV 

presents the actual laser radar demonstrator that employs sub-ns pulses together 

with the receiver channel IC presented in Papers II and III. 

3.1 Detectors and transmitters for sub-ns pulse detection 

An APD is typically used as the photo detector in laser radars because of its current 

multiplication behaviour (McIntyre, 1970). One problem, however, is that an APD 

with a large absorption area has a cut-off frequency (~ GHz) which, although it is 

not an issue in conventional rangefinder techniques using 3–5 ns pulse widths and 

150–300 MHz receiver bandwidths, may impose a limitation on sub-ns pulse 

detection. Metal-semiconductor-metal (MSM) detectors and high speed PIN 

detectors give an ultrafast response (tens of GHz) but without avalanche 

multiplication their responsivity is relatively low compared with that of an APD. 

Paper I investigates the responsivity of an APD with respect to sub-ns pulses, even 

though the pulse width may be markedly above the cut-off frequency of the detector. 

The CMOS APD used here, having a much lower responsivity than a discrete 

device, is also characterized because the possibility of using the same circuit die 

for other receiver electronics together with the detector makes it an interesting 

option for a miniature laser radar. 

The results show that the multiplication process of the APD used in Paper I 

takes 200–250 ps, which reduces the effective “amplitude gain” for pulses shorter 

than this time constant. The peak response of ~ 100 ps pulses was about half of that 

of ~ 4.5 ns pulses, implying that the effective gain for the short pulse was a half of 

that for the peak pulse levels. When the area of the pulse was integrated, however, 

the same gain was obtained for the short pulse as for the wider pulse. The results 
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also showed that ~ 300 ps is the pulse width that the APD outputs and that this 

information can be used when specifying the receiver channel for a TOF laser 

rangefinder using this detector.  

Commercially available discrete APD components have a thick, lightly doped 

(almost intrinsic) avalanche region, which provides high avalanche gain (Johnson, 

1965, McIntyre, 1970), whereas a silicon-based CMOS APD will offer quite low 

responsivity on account of its narrow depletion region, because most of the photons 

miss the depletion region (Rochas, Besse, & Popovic, 2001). This type does offer 

a fast response at low cost, however, coupled with the possibility of integration into 

the same chip with the other electronics, and was therefore characterized. 

According to the measurements, a CMOS APD is capable of responding to a fast 

laser pulse with a slightly shorter pulse (~ 220 ps), but possesses relatively weak 

responsivity by comparison with a discrete APD. One specific finding was that the 

diffusion tail produced by the carriers surrounded by the junction has a time 

constant on an ns scale, which means that responsivity measurements performed 

by a CMOS APD with a wide pulse or even DC light would include a diffusion tail, 

which increases the responsivity but is of no use for detecting sub-ns pulses.  

Laser diode transmitters that can be used for sub-ns pulse detection have been 

widely studied in the literature. There are two major types, one using an avalanche 

BJT switch and the other a MOS switch, as already pointed out in Chapter 2. When 

aiming at better precision, one needs to know the effect of the transmitter in causing 

systematic timing walk error. Paper V compares the timing walk error of the 

received pulse in TOF-based radar devices with two different sub-ns pulse 

transmitters, one with an avalanche BJT switch and the other a MOSFET switch 

but both producing laser pulses with a similar pulse width (FWHM). The measured 

walk error was very similar with both drivers within an input signal dynamic range 

of 1:10 000 (at a receiver bandwidth of 700 MHz) but increased rapidly with the 

avalanche BJT-based driver at the higher end of the dynamic range. The slowly 

rising part increasing the walk error in BJT-based drivers did not exist in the current 

pulse produced by the MOS-based laser driver, and thus the latter can be used in 

TOF systems requiring a wider dynamic range. 

3.2 Receiver channel electronics in sub-ns pulse detection 

The precision of a TOF laser radar depends on the ratio of the total noise level in 

the receiver channel to the slew rate of the received optical echo pulse, and can be 

improved by increasing the transmitted pulse power and reducing the pulse width, 
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with a corresponding increase in the bandwidth of the receiver channel (McIntyre, 

1970). As claimed in Chapter 2, the improvement in precision is obviously one of 

the motivations for designing a pulsed TOF receiver for sub-ns pulses. Papers II 

and III present a receiver channel IC for this purpose. 

The receiver consists of a transimpedance pre-amplifier (TIA), a post-amplifier 

and leading and trailing edge timing discrimination. Internal level shifters are also 

implemented in order to achieve an output level suitable for a time-to-digital 

converter (TDC) powered by a 3.3 V voltage supply. The interleaving feedback 

structure presented by Cherry & Hooper (1968) and Gala & Razavi (2003) was 

used to obtain a TIA fulfilling the tight bandwidth requirements and is presented in 

more detail in the next chapter. 

The receiver channel presented in Papers II and III is a 700 MHz CMOS 

receiver implemented in 0.18 µm HVCMOS technology. The results show that it 

could be used in a precise sub-ns laser diode transmitter-based pulsed TOF range 

finder due to its low walk error and low detection jitter, as described below. 

3.3 TOF laser radar using a sub-ns laser transmitter 

The goal of the work reported in Paper IV was to use a high-speed, sub-ns 

transmitter (Hallman et al., 2014) for pulsed TOF studies in order to achieve sub-

mm precision in distance measurements to passive targets. Sub-mm precision 

together with a high pulsing speed enables one to use pulsed TOF-based 

rangefinding in new application areas, e.g. to detect small distance variations 

(vibration) or surface roughness of a target with a relatively short measurement 

time. The interest in Paper IV lies in trying to detect small distance variations in 

the target (e.g. vibrations in a machine) on top of a certain base distance. On the 

other hand, the short laser pulse width improves the spatial resolution because 

double echoes, which are produced when part of the laser beam hits a second, more 

distant target in addition to the primary one, can be resolved more easily. As already 

mentioned, an APD is typically used as a detector component in laser rangefinder 

applications, due to its internal gain. In this work, the measurements were 

performed mainly by means of a discrete APD, although a CMOS-based APD chip 

was also tested for resolving its usability for rangefinding. That was because, as 

already stated, the possibility for integrating the receiver electronics into the same 

chip with the AP detector offered an effective means to further reduce the size of 

the radar. For the test measurements, the separate standalone chip including the 

CMOS APD was replaced with a discrete APD in test board, because no separate 
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chip including both the AP detector and the receiver channel had been designed at 

that stage. 

 The hardware (HW) of the radar consisted of a MOS-based laser diode driver  

generating ~ 100 ps 6 W laser pulses, receiver electronics including a full-custom 

0.18 µm HVCMOS receiver channel, a full-custom 0.35 µm CMOS TDC and an 

FPGA-based control board. 

The walk error of the radar was ~ 500 ps within a 1:250 dynamic range, and 

the jitter of the leading edge of the detected pulse was limited by the TDC to ~ 

10 ps at a high signal-to-noise ratio. The key result was the demonstration of sub-

mm precision with a relatively short measuring time. It was shown, for example, 

that perpendicular vibration with an amplitude of 1.5 mm at a frequency of 10 Hz 

can easily be observed. The measurement speed of the current realization is limited 

by the pulsing rate of 24 kHz due to the limited speed of the measurement system. 

This is not a fundamental limit for a pulse generator, however, and the rate can be 

increased above 100 kHz even with a ~ 40 W peak pulse power level (Hallman et 

al., 2012; Ryvkin, Avrutin, & Kostamovaara, 2017). In addition, the latest 

unpublished results indicate 4 nJ pulse energies for 170 ps (FWHM) pulses 

generated at a pulsing rate of 1 MHz. 

 The CMOS APD was tested as a detector component for the receiver and can 

be used in a pulsed TOF laser radar when measuring close distances or well-

reflecting targets. It is an interesting option for a detector since it can be integrated 

even in multiples on the same die as the receiver and rest of the electronics. 

 The good jitter properties of the laser radar are due to the high edge speed of the  

laser pulse used. The short pulse width gives the additional advantage of enabling 

better resolution of targets that are close to each other and under the laser beam. 

When using ns-level pulses, the distance resolution is typically < 5 m but the radar 

used in this work was capable of resolving objects located < 1 m from each other. 
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4 Implementation of a receiver for sub-ns 
pulses 

The most important part of the thesis obviously concerns the receiver channel IC. 

Its design and the verification results will be presented in this chapter. The 

distinctive difference compared with previous works is the bandwidth necessitated 

by sub-ns pulse detection, and the implementation of this in an affordable consumer 

electronics-compatible CMOS technology is one key achievement of this project. 

A laser rangefinder demonstrator was realized utilizing the receiver channel IC 

developed here, and this enabled us to use pulsed TOF rangefinding techniques in 

a new application area, that of vibration measurement, as also described below. The 

rangefinder was also used for investigating and comparing the walk error behaviour 

of two laser diode transmitters, and the key findings of that experiment are similarly 

presented in this chapter. 

4.1 Structure and operation of the receiver IC  

4.1.1 Design considerations 

Since a receiver channel intended for use with sub-ns pulses obviously needs an 

adequate bandwidth, the width of the pulse formed the starting point when 

specifying the requirements for the channel. Thus for a pulse width of 100 ps 

(FWHM) the equation BW = 0.44/TP has been proposed, where TP is the pulse width 

(FWHM) (Abramowitz & Stegun, 1965). This is typically used in optical 

telecommunication receivers and would give a bandwidth of ~ 4.4 GHz. However, 

as shown in Paper I, the limited bandwidth of the APD increases the pulse width to 

around ~ 300 ps even when a laser pulse width of 100 ps or less is used. That would 

correspond to a BW of ~ 1.4 GHz. On the other hand, the typical bandwidth 

requirement is used for receivers in the telecommunications industry, because there 

the maximum byte rate is restricted by the inter-symbol interference (ISI) (Razavi, 

2012). From that perspective, and in order to minimize the noise, the bandwidth for 

the pulsed TOF laser radar receiver could be lower, since there is usually only one 

echo pulse at a time and the next pulse is detected only after a relatively long 

interval defined by the pulsing rate (e.g. 100 kHz). On the other hand, an 

excessively low bandwidth would make it difficult to distinguish multiple echoes 
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within a single pulse due to the slower receiver recovery rate (the integrating effect). 

As a compromise, the target for the receiver was set at a bandwidth of ~ 1 GHz. 

The receiver was fabricated in a 0.18 µm HVCMOS technology, which was 

selected because it was found in a preliminary analysis to be fast enough for a 

wideband receiver while also enabling the manufacture of an integrated AP detector. 

One challenge in MOS-based amplifiers is the offset due to device mismatch, which 

may affect the receiver performance and thus needs to be cancelled out. Due to the 

tight bandwidth requirements, heavily loading DC-blocking capacitors could not 

be used between the amplifier stages and the intention was to use dynamic offset 

cancellation. The setting of an adjustable threshold for the comparators detecting 

the pulse edge was another of the design challenges. The differentiality in the TIA 

and the rest of the channel reduces sensitivity to disturbances, improves linearity 

and common mode rejection, for example, and thus emerged as the preferred 

topology for the channel (Ruotsalainen & Kostamovaara, 1994). As it was initially 

decided to use the circuit with the TDC designed by Jansson, Koskinen, 

Mäntyniemi, & Kostamovaara, (2012) powered by a 3.3 V supply voltage, level 

shifters were also needed. A pinout and top-level block diagram of the receiver IC 

are presented in Fig. 11. 

Fig. 11. Pin out and block diagram of the receiver IC. 
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4.1.2 Receiver IC design 

A simplified block diagram of the receiver channel part of the IC is shown in Fig. 

12. At the input to the receiver there is an external Avalanche Photo Detector (APD) 

which converts the incoming laser echo pulse into a current pulse. The current 

signal is first amplified with a fully differential nested feedback-based 

transimpedance amplifier, and then further amplified with a post-amplifier. The 

voltage signal from the post amplifier is fed to the two comparators, one detecting 

the rising edge of the pulse and the other the trailing edge. The threshold for the 

comparators is set by an external current source. External Schottky diodes are used 

at the input to the receiver to limit the maximum input current. The receiver IC 

produces two timing signals STOP1 and STOP2, for the external time interval 

measurement circuit (TDC). The laser transmitter in the TOF laser radar generates 

the START signal and the TDC measures the time interval between START and 

STOP 1, which actually indicates the flight time of the laser pulse from the 

transmitter back to the receiver and can be converted to the distance from the target 

by reference to the known velocity of light. The time delay between the STOP 1 

and STOP 2 signals coming from the comparators indicates the width of the 

incoming pulse. The width of the pulse can be used for compensating for the walk 

error (Kurtti & Kostamovaara, 2009, 2011). 

 

Fig. 12. Block diagram of the receiver channel (reprinted by permission from Paper III © 

2017 Springer).  
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As already mentioned, the TIA dominates the noise from the receiver and thus needs to 

be optimized. A 0.18 µm technology was initially selected because it was suitable for 

wideband TIA design, as already pointed out. The wideband TIAs for optical 

communications described in the literature use various architectures for isolating the 

large capacitance of the photodiode, e.g. regulated cascode (RGC) (Park & Toumazou, 

1998) or common gate (CG) (Razavi, 2012) techniques. These topologies offer a large 

bandwidth, but are not optimal from a noise point of view. Simple collector-loaded 

differential gain stages with shunt feedback produce less noise, but fulfilling the 

bandwidth requirement becomes more of a challenge. The receiver designed here uses 

a TIA that includes a core amplifier with an active nested feedback topology and an 

overall shunt feedback resistor (see diagram in Fig. 13) (Cherry & Hooper, 1968; Galal 

& Razavi, 2003). This gives good noise performance with a sufficient bandwidth. Since 

the first stage of the amplifier predominates in the noise source, the noise model of the 

shunt feedback TIA can be simplified as in Fig. 14. The In,G1 is very small compared 

with the channel noise and thus can be neglected. The input-referred noise current In,TIA 

can then be derived as (Säckinger, 2005): 

, 	 4 ⋅ 4 ⋅ ⋅ ,	 (5) 

where Γ is the channel noise factor of the MOSFET and CT is the total capacitance 

including the capacitance of the photodiode CPD and the input capacitance of the 

amplifier CIN. Equation (5) indicates that Rf and gm1 need to be as large as possible, 

although any increase in gm1 will increase the input capacitance and thus reduce the 

bandwidth as well. As discussed by Abidi (1987), there is an optimum value for the 

input capacitance which should be matched with the external capacitance. The W/L of 

the transistors in the input stage of the TIA were chosen to be very large, and therefore 

this first stage occupies the majority of the layout area of the TIA. As the capacitance 

CPD is around 1.5 pF with layout parasitics, it would need a huge width W of the input 

transistor to match it. However, as demonstrated by ZhiQun et. al, (2012), the noise 

optimum is broad and good noise performance can be achieved with a smaller-sized 

transistor. Therefore, the input transistor W/L =2240 selected here, giving a capacitance 

of 0.34 pF, represents a compromise between noise, sufficient gain and layout area. The 

lengths of the transistors in the first stage were chosen to be 250 µm instead of the 

lowest permitted 180 µm, and this obviously affects the speed of the first stage. It 

however does mean that the greater channel length enables some gain to be achieved 

from the first stage, since the rds of the transistors would be lower when using really 

wide transistors and 180 µm would give too low  rds. The Rf ‘s were chosen to be 1.3 kΩ, 
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which causes a thermal input current noise of about 160 nA (1.5 GHz noise bandwidth). 

The maximum linear range of the TIA is about 900 mV.  

Fig. 13. Schematic diagram of the TIA (reprinted by permission from Paper III © 2017 

Springer).  

 

Fig. 14. Simplified noise model for the TIA (reprinted by permission from Paper III © 2017 

Springer).  

The dynamic offset cancellation technique was used with a cancellation circuit 

conforming to the diagram in Fig. 15. Offset cancellation was implemented by 

allowing a slow amplifier (Gm cell, BW < 1 kHz) with a diode-connected load to 
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drive a differential pair of transistors (M3, M4), where M3 has a constant bias 

voltage and its feedback path is incorporated into the input differential pair of the 

post-amplifier (M1, M2). Any voltage mismatch between the sensing lines of the 

Gm cell will cause the voltage to the input of the M4 differing from the constant 

VBconst at the M3 input. The feedback path will then creates a voltage difference at 

the input that has the opposite value to the offset and thus cancels it out. An off-

chip capacitor is used rather than an integrated one because the corner frequency 

of the feedback loop needs to be low so that the signal will not be cancelled out. 

This realization of the offset cancellation enabled us to implement the threshold 

setting option for the following comparator, because while cancelling out the 

unwanted offset, the desired offset can also be forced externally to the input of the 

amplifier so that the signals travelling to the input of the comparator experience 

this offset as a comparator threshold. The offset setting is realised by connecting an 

external adjustable resistor to act as a current generator together with an internal 

5 kΩ resistor at the input to the Gm cell. The gain in the post-amplifier was 

designed to be 10 and thus the trans-impedance of the whole receiver channel was 

~ 26 kΩ. 

One challenge concerning the bandwidth involved the heavy loading input 

pads, since RF pads with a very light ESD load together with very low capacitive 

routing were not available in the standard IO library of the chosen technology. The 

load of the input pads was minimized by modifying the layout of standard high 

current pads. A high current pad has weak ESD protection but a very large, 

capacitive metal area. Thus the metal was modifed as seen in Fig. 16 so that the 

1.2 pF load of the input pads was reduced to 300 fF. 
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Fig. 15. Schematic diagram of the post-amplifier together with the dynamic offset 

cancellation (reprinted by permission from Paper III © 2017 Springer).  

Fig. 16. An unmodified (a) and modified (b) high-current IO pad.  

4.2 Measurement results  

A photograph of the receiver ASIC for the pulsed TOF rangefinder is shown in Fig. 

17.  
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Fig. 17. Photograph of the receiver IC (reprinted by permission from Paper IV © 2018 

IEEE). 

The size of the layout is 1400 x 1400 µm and the power consumption 45 mW in 

the digital parts, 79 mW in the amplifier stages, 57 mW in the biasing and output 

buffer and 20 mW in the level shifter (totalling 180 mW). The ASIC was first 

verified with the measurements presented in 4.2.1, and then the actual TOF-based 

laser rangefinder was built and the system-level measurements performed, giving 

the results presented in 4.2.2. 

4.2.1 IC verification 

The verification measurements for the receiver IC are mainly presented in Paper 

III. A macro-board including the receiver IC, the TDC and the controlling FPGA 

was fabricated for verification purposes and the laser pulse transmitter presented in 

Hallman et al. (2014) was used in the measurements. The optical pulses were 

focused on an optical fibre and neutral density (ND) filters was used for attenuating 

the signal before it was focused on the APD. This simulates distance variation, since 

this enables one to vary the amplitude of the incoming pulses reaching the APD as 

when measuring a passive object from varying distances. A block diagram of the 

verification board is presented in Fig. 18. 
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Fig. 18. Block diagram of the verification macro board (reprinted by permission from 

Paper III © 2017 Springer).  

Since the aim of the thesis was to investigate and develop sub-ns pulse detection in 

pulsed TOF laser radar using a high speed laser pulse, the bandwidth target was set 

in the GHz range. In practise the measurements and simulations showed that the 

bandwidth of the receiver channel was 700 MHz, but even though it was lower than 

the initial target of ~ 1 GHz, it appeared to be a good compromise from the fast 

slew rate of the pulse (affecting the jitter) and the total noise point of view. The 

simulated and measured bandwidths of the channel are shown in Fig. 19. The output 

buffer has ~ -3 dB attenuation compared with the receiver, since this is better for 

allowing it to reach almost the same bandwidth as the channel. 
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Fig. 19. Measured bandwidth of the output buffer of the receiver IC (blue) and simulated 

(green) bandwidth of the receiver channel (red) (reprinted by permission from Paper III 

© 2017 Springer).  

Noise is obviously one of the key elements limiting the precision of TOF radar, but 

noise measurements are difficult because the gain in the channel is relatively low, 

which leads to a low noise level at the output buffer. The best way of estimating 

noise levels is by using a URV millivolt meter to measure the level of noise from 

the output buffer of the receiver. Another way of estimating noise could be to reduce 

the threshold level of the detection comparators and detect the point at which the 

random triggering caused by the noise starts to increase. This method is inaccurate 

in practice, however, since there might be other system-related sources of 

interference (crosstalk and ground/power bounce) which may equally well cause 

false triggering. The noise level as probed from the output buffer of the channel 

was ~ 340 nA and taking into account the attenuation of the output buffer, the total 

input-referred noise current of the channel was estimated to be around 425 nA (CIN 

~ 1.5 pF). The input reference noise current in the TIA was defined by means of 

equation (5), in which the first term represents the thermal noise coming directly 

from the feedback resistor of the TIA and it can be calculated to be ~ 160 nA for 

1.3 kΩ resistors (~ 1.5 GHz noise bandwidth). The bias resistors of the APD were 

chosen to be 10 kΩ, generating ~ 40 nA of thermal noise, so that most of the noise 

was generated by the amplifier channel. The shape of the noise voltage spectrum 

when probed with a spectrum analyser from the output buffer of the channel is 

shown in Fig. 20. For this purpose a 1.5 GHz single-ended active probe was used 

and the noise level was measured with a URV millivolt meter employing a similar 



49 

probe. The APD at the input of the channel was not biased with high voltage to 

exclude unwanted additional noise, but it was biased to give 0.5 pF of capacitance, 

thus giving the same input capacitance as with high voltages. The total input 

capacitance of the channel (parasitics included) was estimated to be around 1.5 pF. 

Fig. 20. Noise voltage spectrum of the receiver assessed with a 1.5 GHz single-ended 

probe from the output buffer of the channel (reprinted by permission from Paper III © 

2017 Springer).  

Considerably lower timing walk and jitter values can be expected when using sub-

ns pulses for detection purposes than with conventional techniques using 3–5 ns 

pulses. This is due to the faster slew rate, which affects both measures. Thus the 

next important verification step was to measure the walk error. It was done by 

sweeping the amplitude of the pulse with ND filters in the dynamic range 1:21 000, 

yielding an overall result of < 500 ps (corresponding to a distance of 4.5 cm). The 

walk error as a function of the input current pulse amplitude is presented in Fig. 21. 
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Fig. 21. Walk error as a function of input amplitude (reprinted by permission from Paper 

III © 2017 Springer).  

The jitter directly affecting the single shot precision of the radar, as shown in Fig. 

22, was measured as a function of the input amplitude with a comparator threshold 

level of SNR = 7. It should be noted that the jitter with higher amplitudes is at the 

level of jitter of the TDC (~ 10 ps), so that this probably limits the precision. It can 

be also seen that with an input amplitude of 10 µA (SNR = 25) the jitter is around 

20 ps, which fits in well with equation (4), as the rise time of the pulse is ~ 500 ps. 

Fig. 22. Leading edge jitter (reprinted by permission from Paper III © 2017 Springer).  
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4.2.2 System-level results 

The system-level results, obtained from an actual pulsed TOF rangefinder 

demonstrator on paraxial optics, are presented in Papers IV and V. As the 

verification results showed the detection jitter to be low with sub-ns input pulses, 

and as the single shot precision is greatly dependent on the jitter, highly precise 

distance measurement results were expected. As MOS-based laser pulsing devices 

are capable of producing pulses even at speeds of 1 MHz, the measurement system 

has the potential to be very fast. Thus, compared with conventional techniques 

using pulse widths of 3–5 ns (10 kHz) and having cm-level accuracy, these devices 

can achieve the mm-level accuracy when averaging 100 successive measurements. 

This means 10 ms of measurement time. When using the MOS-based pulsing 

device (< 1 MHz) and a laser rangefinder using sub-ns laser pulses as presented in 

this thesis, the measurement time could be in the ~ 10 µs range, which would then 

enable measurement of small, relatively rapid changes of distance on top of a given 

base distance (i.e. vibration). 

The aim of the system-level measurements was to investigate how good single 

shot precision can be achieved with the rangefinder using sub-ns pulses and to 

assess its potential for use in vibration measurements. The short laser pulse width 

also enables better resolution of double echoes (e.g. a step on the target or small 

branches of trees in forest inventories), and this feature was to be studied as well. 

The single shot precision with respect to distance can easily be seen from Fig. 

23, where a non-cooperative target located 2 m away and possessing a profile 

involving a 2 mm step was moved vertically with respect to the optical axis of the 

laser radar, which was measuring the distance continuously during this movement. 

The step on the target can be recognized from the shape of the single shot 

measurement data, suggesting that the single shot precision is high enough to 

identify sub-cm changes in the surface of the target, but Fig. 23, which also shows 

averaged results based on 10, 100 and 1000 consecutive  measurements, indicates 

that sub-mm accuracy can be achieved as well. It should be noted that the SNR at 

a measurement distance of 2 m is around 1:2 000, implying that Fig. 23 represents 

pretty much the best achievable precision. The precision would obviously decrease 

if the measurement distance were longer, giving a lower SNR. It can be seen from 

Fig. 22, for example, that the detection jitter at an SNR level of 1:10 is about 60 ps, 

corresponding roughly to a distance of 9 mm, while Fig. 22 suggests that at SNR = 

2 000 the jitter level is ~ 10 ps. The detection threshold also affects the jitter slightly, 
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as shown in Paper IV, and the threshold for the comparators in these system-level 

measurements was set at SNR = 17. 

 

Fig. 23. Measurements of a 2 mm step on the surface of a non-cooperative target with 

the rangefinder constructed in this work. (a) = no averaging, (b) = 10 successive single 

shot results averaged, (c) = 100 successive single shot results averaged, (d) = 1 000 

successive single shot results averaged (reprinted by permission from Paper IV © 2018 

IEEE).  

Another interesting application area, that of fast sub-ns pulse detection, enables, is 

the measurement of vibration in a target thanks due to the good single shot precision 

and the fast pulsing speed of the laser. This was illustrated by measuring an 

eccentric round white paper target rolled by a DC motor and located 2 m away 

(SNR ~ 2 000). The amplitude of the vibration was 1.5 mm and its frequency 10 

Hz. The results achieved with single shot measurements and the averaging of 10, 

100 and 1 000 successive results are presented in Fig. 24. Again the shape of the 

single shot results reveals the frequency and magnitude of the vibration, while sub-

mm resolution in identifying the magnitude of the vibration is achieved when 

averaging 100 successive results, for instance. Averaging obviously slows down 

the measurement, but hundreds of kHz vibration frequencies could be observed 

with sub-mm resolution because the pulsing speed could be increased to ~ 1 MHz. 

The 10 Hz limitation on the vibration in this experiment arose for mechanical 

reasons, as the eccentric paper roll has too much weight to be rolled faster without 

affecting too much in-stability and vibration to the support system. The 
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measurement software was capable of collecting the results only at a speed of 24 

kHz, which limited the pulsing speed of the laser. 

 

Fig. 24. 10 Hz vibration with an amplitude of 1.5mm observed with the laser rangefinder 

proposed in this work. a) = no averaging, b) = 10 successive single shot results 

averaged, c) = 100 successive single shot results averaged, d) = 1 000 successive single 

shot results averaged (reprinted by permission from Paper IV © 2018 IEEE).  

Walk error in the results from the real TOF rangefinder demonstrator was assessed 

within a dynamic range of 1:250 and proved to be ~ 500 ps, i.e. about the same as 

in the IC verification phase. The next phase in the walk error measurements was to 

compare two different laser diode transmitters using custom-made drivers, one 

using an avalanche BJT and the other a MOSFET switch, but giving similar laser 

light pulses (1 ns, 20 W). The dynamic range was now increased by means of a 

mirror-like reflector on the target. The differences between the BJT and MOS-based 

pulsing devices were studied in Paper V. The current pulse generated with the 

avalanche transistor driver had a slowly rising front edge, as  is very typical with 

avalanche-based current switches, see (Duan et al., 2008; Lanz et al., 2013), 

whereas a MOS-based driver does not generate a slowly rising part in current pulses 

and therefore the light pulses are presumed to have a deviating front edge. This is 

difficult or even impossible to see in oscilloscope measurements, however, even 

though when using a fast PIN diode-based optical probe, because the dynamic 
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range of the measurement instrument is not high enough. With a co-operative target 

the echo pulse is very high and is amplified by the receiver channel, so that the 

slow rising part of the pulse can be seen in the walk error results. The results 

obtained with the two different transmitters, as seen in Fig. 25, constitute an 

important result in this thesis (Paper V). The timing walk of the system using an 

avalanche BJT switch-based driver increases markedly beyond a dynamic range of 

1:10 000 compared with the system using a MOS-based switch, suggesting that the 

latter is more advantageous in laser radar applications requiring an extremely wide 

dynamic range.  

 

Fig. 25. Timing walk error for avalanche BJT and MOSFET-based drivers (reprinted by 

permission from Paper V © 2018 AIP).  

The total walk error with sub-ns pulses is ~ 600 ps in a dynamic range of 1:10 000 

with both of the drivers and ~ 700 ps in a dynamic range of 100 000 with the 

MOSFET-based driver. These figures are markedly smaller than for systems using 

ns-level pulses, e.g. 2.5 ns as reported by Kurtti & Kostamovaara (2011) with a 3 ns 

laser pulse and a dynamic range of 1:100 000, 2.8 ns by Cho et al. (2014) with a 5 

ns pulse or 1.7 ns by Ngo et al. (2013) with a 1 ns pulse and a dynamic range of 

1:1 600. 

The radar was also tested using an integrated CMOS APD as the detector, the 

measurements being made by replacing the discrete APD with a standalone CMOS 

APD chip and then reverse biasing it with 18.9 V (near the breakdown) to maximize 

the response. The detector details regarding the CMOS APD were as presented by 

Pancheri, Scadiuzzo, Stoppa & Dalla Bella (2008). A white paper located 1 m away 

was used as a target and the received pulse with the peak amplitude of 200 mV 

probed from the output buffer of the channel was as shown in Fig. 26. The 
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responsivity was much lower than with the discrete APD (10 A/W), as already 

shown in Paper I. This experiment proves, however, that an integrated APD could 

in principle be used for short distance measurements in certain special cases. 

One challenge in TOF based rangefinding is the change in the shape of the echo 

according to the properties of the target. This could be a problem in forest 

inventories when part of the light spot hits the branch of a tree and the rest goes 

further (Liang et al., (2016). The echo pulse will widen, or even multiple echo 

pulses might be reflected. For example, in the case where the light spot splits in 

half at a sharp edge on the target, two pulses can be observed depending on the 

depth of the step and the width of the pulse (Fig. 8). The more close distances can 

be observed the better it is from the target identification point of view. Thus, with 

conventional TOF based techniques using pulse widths of 3–5 ns the minimum 

distance difference that can be observed is a matter of some metres. In this work 

the double echo phenomenon was illustrated by using two targets at distances of 

4.5 m and 5 m, whereupon the light spot split in half and part of the spot was 

reflected from the target at 4.5 m and the rest from that located at 5 m. The result 

can be seen in Fig. 27. It is seen that the distance resolution for a double echo is 

less than half a metre. 

 

Fig. 26. An echo pulse reflected from white paper target being 1 m away, and detected 

with the receiver channel using CMOSAPD as a detector and probed from the output 

buffer of the channel (reprinted by permission from Paper IV © 2018 IEEE). 
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Fig. 27. Double echo probed from the output buffer of the receiver (reprinted by 

permission from Paper IV © 2018 IEEE).  
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5 Discussion 

The aim of this work was to investigate sub-ns pulse detection in a pulsed TOF 

laser rangefinder, and in particular to develop a complete integrated CMOS receiver 

circuit for this task. As is known from basic principles, the single shot precision, 

walk error, eye safety and spatial resolution (double pulse resolution) of a pulsed 

TOF radar can be improved by speeding up the slew rate and reducing the width of 

the transmitted laser pulse. The obvious hypothesis for this work at the outset was 

that when designing a laser radar capable of being used with sub-ns pulses, the 

above-mentioned parameters would have to be improved relative to those used in 

previous works involving ns-scale pulses. This thesis proposes one receiver channel 

solution for sub-ns pulse detection and characterizes two detector component 

options for sub-ns usage. It also investigates the timing walk error behaviour of two 

sub-ns pulse generators suitable for use in laser rangefinders. 

The main technical contribution of the thesis was the design and fabrication of 

a wideband receiver channel chip for a laser radar using standard CMOS 

technology. The receiver was intended to be used with a laser pulse transmitter 

providing short sub-ns pulses. The initial starting point was to characterize the 

photo detector component typically used in pulsed TOF rangefinders (an avalanche 

photo detector) in the time domain. These photo detector component 

characterizations made it possible to define the requirements for the receiver 

channel. As some of standard CMOS technologies allows the fabrication of 

integrated CMOS APD components, the time domain behaviour of an integrated 

APD was also part of the characterization. The technology selected was a 0.18 µm 

HVCMOS process, which was assumed to be fast enough for the wideband 

amplifier design. One reason for the choice of technology was the possibility of 

fabricating an integrated APD, which had initially been one option for integration 

into the receiver electronics. Another reason was that the TDC was using a 3.3 V 

supply voltage and the HV process allows the use of output pads that require a 

higher voltage than the inner core, thus avoiding the use of external level shifters. 

Integrated APDs have been studied quite intensively in the literature, e.g. 

questions of the responsivity and performance of several structures have been 

discussed by Kang, Lee, & Choi (2007), Lee & Choi (2013, 2011, 2010), Pancheri 

et al. (2008), Rochas, Pauchard, Besse, Pantic, Prijic, & Popovic (2002), Rochas et 

al., (2001) and Youn, Lee, Park, & Choi (2012). Similarly, Huang, Liu, & Hsin 

(2008, 2007) and Liyama, Takamatsu, & Maruyama (2010) present performance 

analyses for APD components manufactured in the same CMOS technology as was 
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selected for this work. Their analyses do not directly indicate the time domain 

behaviour, however, nor do they report the response to a fast pulse. Paper I in the 

present thesis investigates the time domain behaviour of a commercial discrete 

APD and a custom-made CMOS ADP. It shows, for example, that the diffusion tail 

produced by the carriers generated in the neutral region surrounding the PN 

junction may increase the nanosecond-scale level responsivity of the CMOS APD, 

but due to its slow generation this is not included in the sub-ns response. Thus 

measurements performed at lower frequencies may overestimate the high-speed 

response of the detector. 

Receiver channel structures for TOF laser rangefinders have been widely 

studied in the past, but they typically use laser pulses with a width of 3–5 ns, e.g. 

in the experiments of Cho et al. (2014), Kurtti et al. (2017) and Ngo et al. (2013). 

Laser radar proposals using ns-level pulses have given cm-level single-shot 

precision over a very wide dynamic range, e.g. 1:100 000 (Kurtti et al., 2017), but 

the walk error is around 1.7–2.5 ns (Cho et al., 2014; Kurtti et al., 2017; Ngo et al., 

2013; Xiao et al., 2016). The use of sub-ns pulses would, as is shown in this thesis, 

reduce the walk error and jitter significantly, but the use of these techniques in the 

linear detection mode has not been intensively studied before due to the lack of 

suitable laser diode transmitter technology. Pennala, Kilpelä, & Kostamovaara 

(2000) nevertheless implemented a GHz range optical receiver channel with an 

APD and a high-speed bipolar semicustom array with a measured single-shot 

precision of ~ 14 ps, using laser pulses from a Q-switched high power (~ 100 W) 

single heterostructure laser diode. Kostamovaara et al. (2015) used sub-ns pulses 

but with a receiver structure based on a Geiger-mode SPAD, which does not fall 

within the scope of this thesis. Instead, the focus here is on a conventional linear 

detection approach, which is advantageous from the background noise perspective 

(receiver blocking).  

Papers II and III give a thorough presentation of the receiver channel IC 

designed here and intended for use in a laser radar employing sub-ns pulses. The 

receiver IC, including all the blocks of a laser radar receiver working in the pulse 

detecting mode, was realized in 0.18 µm HVCMOS technology. Its functionality 

and performance are adequate for the intended application, the input-referred noise 

current, for example, being around 400 nA (rms), i.e. comparable to other state-of-

the-art CMOS laser radar receivers, e.g. that of Kurtti et al. (2017), taking into 

account the more or less linear dependence of the receiver noise on the receiver 

bandwidth. Moreover, the jitter measurements indicate state-of-the-art single shot 
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timing jitter performance (~ 10 ps when SNR > 200, Fig. 22 above), which is 

limited by the performance of the time-to-digital converter IC. 

One part of the work for this thesis was to construct a real pulsed TOF 

rangefinder using the receiver channel IC designed here. The practical application 

was the measurement of vibrations in a non-cooperative target located 2 m away 

from the radar. Paper IV presents the results obtained with the laser radar 

demonstrator, noting in particular the vibration amplitude of 1.5 mm and frequency 

of 10 Hz recorded for the given non-cooperative target. It should be noted that, in 

principle, the distance from the object could have been ~ 3 times longer without 

any marked deterioration in performance (SNR ~ 2 000  SNR ~ 200, see Fig. 22). 

The frequency of the vibration was limited mainly for the mechanical reasons, but 

as discussed in the paper, much higher frequencies could in principle be monitored 

with the radar technique developed here, since the existing pulsing frequency of 

24 kHz could have been increased to 100 kHz… 1 MHz with even higher pulse 

energy. It was also demonstrated that the precision can be improved to the sub-mm 

level by averaging successive results, although naturally at the cost of measurement 

time. 

Vibration in a target was also monitored by Ahola & Myllylä (1986), who 

detected the fluttering of a paper web in a printing press using pulsed TOF laser 

radar techniques. Sub-mm precision for 10 Hz vibration was claimed in that case 

as in the present thesis, but with a much higher pulsing frequency (1.6 MHz). The 

receiver was constructed from discrete bipolar transistors and other discrete devices 

(Ahola & Myllylä, 1986). The achievable sub-mm level precision (with averaging) 

demonstrated in the present system means that the radar could possibly be used 

even for measuring the roughness of the surface of the distant target. The usual 

technique for that involves the measurement of angular scattering (Vorburger, 

Teaque, Scire, MacLay, & Gilsinn, 1984) or the use of triangulation methods (Besl, 

1988), leading to relatively complicated systems compared with pulsed TOF based 

on a sub-ns transmitter. 

As a CMOS APD approach was initially an option for the detector of the 

receiver channel, its use was also investigated in Paper IV. It was not integrated 

into the same chip as the receiver channel, but instead the discrete APD used in the 

radar was replaced with a standalone IC chip including the CMOS APD. The results 

indicated that a CMOS APD could be used in a laser radar intended for measuring 

relatively short distances (below 2 m). The full advantage of a CMOS APD can be 

exploited by integrating the detector and the receiver channel into the same chip. 

This can drastically reduce the parasitic capacitance and inductance, making the 
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design of a wideband receiver easier, so that a GHz-level bandwidth should be 

achievable even with 0.18 µm CMOS technology. The integrated detector would 

then reduce the size of the whole system, since the receiver electronics would be 

part of the receiver component. One step forward would be to integrate the receiver 

channel and the TDC into a single CMOS chip, as reported by Nissinen et al. (2009), 

even with a photo detector. 

One finding that emerged from this thesis was the difference in walk error 

behaviour depending on whether the optical laser pulses are produced with an 

avalanche BJT switch or with MOSFET-based laser pulse transmitters. The results 

presented in Paper IV show that a smaller walk error can be achieved with a 

MOSFET switch-based pulse transmitter than with an avalanche BJT based switch. 

This is an important result since the dynamic range of the optical echo in 

rangefinder applications is usually very large (e.g. in vehicular systems). 



61 

6 Summary 

Pulsed TOF laser radars are widely used in many industrial applications, e.g. for 

measuring the material levels in silos, in perception systems and in the automotive 

and robotics industries. As the precision and measurement speed of these devices 

are improving all the time, they could possibly be used in some new areas such as 

measurement of the roughness of surfaces or tiny vibrations in objects, e.g. 

machines. The aim of the present work was to design a receiver channel IC for a 

pulsed TOF radar intended for use with a recently proposed laser diode transmitter 

capable of producing high-energy and high-speed (> 1 nJ, ~ 100 ps) optical pulses. 

A study was thus made of how the performance parameters could be improved with 

sub-ns pulses and whether this would pave the way for new applications such as 

vibration measurements. As sub-ns laser diode pulses have rarely been used in 

linear detection-based pulsed TOF radars, due to past limitations in the available 

pulse energy, characterization of the detector components was also an important 

part of the work, as also was investigation of the timing walk error behaviour of 

two types of sub-ns pulse transmitter, one using an avalanche BJT switch and other 

a MOSFET switch. 

A TOF laser range finder usually uses a pulse width of 3–5 ns and the 

corresponding bandwidth of the receiver is typically ~ 200 MHz. When using sub-

ns pulses it is obvious that the bandwidth of the receiver should be wider, but as the 

large APD detectors typically used in TOF radars have a cut-off frequency in the 

~ GHz range, it was important to characterize their behaviour with fast < 100 ps 

pulses in the time domain. The bandwidth specification for the receiver channel 

was mainly based on the APD characterization and was set to ~ 1 GHz. The task 

was to realize the receiver channel in standard CMOS technology.  

A receiver channel IC with a bandwidth of 700 MHz was designed and 

implemented in 0.18 µm HVCMOS technology, and a pulsed TOF radar 

demonstrator employing this IC was then constructed. The radar was intended for 

use with a laser pulse transmitter producing sub-ns pulses. The measured walk error 

of the receiver was ~ 500 ps in a 1:21 000 dynamic range, corresponding to 4.5 mm 

in terms of distance, which is clearly smaller than with conventional techniques 

using 3–5 ns laser pulses and having a walk error of 1–3 ns. The minimum 

measured detection jitter was ~ 10 ps, and was limited by the jitter of the TDC with 

signal amplitudes greater than SNR = 200. The vibration of a non-cooperative 

target located at a distance of 2 m and vibrating at 10 Hz with an amplitude of 

1.5 mm was measured with the radar, and it was also shown that sub-mm distance 
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precision can be achieved by averaging. The pulsing speed could be increased to 

1 MHz, which would enable observation of a kHz level of vibration even with 

averaging. 

The use of an integrated CMOS APD with the laser radar was studied, and it 

was shown that this a reasonably good detector option for a radar intended for 

measuring short distances. The CMOS APD approach allows for integration of the 

receiver IC and the photodetecting component into the same chip, although this was 

not implemented here. Instead, an external standalone CMOS APD was used.  

The use of sub-ns laser pulses with a wideband receiver channel obviously 

reduces the walk error in a TOF radar, but the properties of the laser pulse driver 

also affect the total walk error. When comparing between two different laser pulse 

transmitters it was shown that the MOSFET switch-based laser diode transmitter 

has less walk error than the avalanche BJT-based driver, probably due to the sharper 

front edge of the driving current. 

The results presented in this thesis show that a receiver realized in CMOS 

technology can be used for sub-ns pulse detection in a pulsed TOF rangefinder 

measuring distances of < 10 m with laser transmitter pulse energy of the level used 

here. Within this distance range tiny vibrations in non-cooperative targets can be 

recorded at mm…sub-mm precision. With a CMOS-based APD detector the range 

is markedly reduced due to the reduced sensitivity of the detector, but it may still 

reach a few metres. The most obvious improvement to be envisaged in the near 

future would be the manufacture of a receiver channel with an integrated CMOS 

APD and TDC achieving ps-level precision, on the same chip. The necessary time-

to-digital converter design could follow the principles presented by Keränen & 

Kostamovaara (2015). 
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