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Nissinen, Ilkka, CMOS time-to-digital converter structures for the integrated
receiver of a pulsed time-of-flight laser rangefinder. 
University of Oulu, Faculty of Technology, Department of Electrical Engineering, Infotech
Oulu,  P.O. Box 4500, FI-90014 University of Oulu, Finland
Acta Univ. Oul. C 390, 2011
Oulu, Finland

Abstract
The aim of this thesis was to develop time-to-digital converters (TDC) for the integrated receiver
of a pulsed time-of-flight (TOF) laser rangefinder aiming at cm-level accuracy over an input range
of 10 m – 15 m. A simple structure, a high integration level and low power consumption are the
desired features for such a TDC. From the pulsed TOF laser rangefinder point of view an
integrated receiver consisting of both the TDC and the receiver channel on the same die offers the
possibility of manufacturing these laser rangefinders with a high integration level and at a low
price to fulfil the needs of mass industrial markets. 

The heart of the TDC is a CMOS ring oscillator, the clock frequency of which is used to
calculate the full clock cycles between timing signals, the positions of the timing signals inside the
clock period being determined by storing the state of the phase of the ring oscillator for each timing
signal. This will improve the resolution of the TDC. Also, additional delay lines are used to
generate multiple timing signals, each having a time difference of a fraction of that of the ring
oscillator. This will further improve the resolution of the whole TDC. To achieve stable results
regardless of temperature and supply voltage variations, the TDC is locked to an on-chip reference
voltage, or the resolution of the TDC is calibrated before the actual time interval measurement.
The systematic walk error in the receiver channel caused by amplitude variation in the received
pulse is compensated for by the TDC measuring the slew rate of the received pulse. This time
domain compensation method is not affected by the low supply voltage range of modern CMOS
technologies. 

Three TDC prototypes were tested. A single-shot precision standard deviation of 16 ps
(2.4 mm) and a power consumption of 5.3 mW/channel were achieved at best over an input range
of 100 ns (15 m). The temperature drifts of an on-chip voltage reference-locked TDC and a TDC
based on the calibration method were 90 ppm/°C and 0.27 ps/°C, respectively. The results also
showed that a pulsed TOF laser rangefinder with cm-level accuracy over a 0 – 15 m input range
can be realized using the integrated receiver with the time domain walk error compensation
described here. 

Keywords: distance measurement, laser radar, optical receiver, time interval
measurement, voltage reference-locked oscillator





Nissinen, Ilkka, CMOS-aika-digitaalimuunninrakenteita valopulssin kulkuajan
mittaukseen perustuvan lasertutkan integroituun vastaanottimeen. 
Oulun yliopisto, Teknillinen tiedekunta, Sähkötekniikan osasto, Infotech Oulu,  PL 4500, 90014
Oulun yliopisto
Acta Univ. Oul. C 390, 2011
Oulu

Tiivistelmä
Väitöskirjatyön tavoitteena oli kehittää aika-digitaalimuunninrakenteita valopulssin kulkuajan
mittaukseen perustuvan lasertutkan integroituun vastaanottimeen. Tavoitteena oli saavuttaa sent-
timetriluokan tarkkuus 10 m – 15 m mittausalueella koko lasertutkan osalta. Aika-digitaali-
muuntimelta vaaditaan yksinkertaista rakennetta, korkeaa integroimisastetta ja matalaa tehonku-
lutusta. Integroitu vastaanotin sisältää sekä aika-digitaalimuuntimen että vastaanotinkanavan ja
tarjoaa mahdollisuuden korkeasti integroidun lasertutkan valmistukseen halvalla teollisuuden
massamarkkinoiden tarpeisiin. 

Aika-digitaalimuuntimen ytimenä toimii monivaiheinen CMOS-rengasoskillaattori. Aika-
digitaalimuunnos perustuu rengasoskillaattorin täysien kellojaksojen laskentaan laskurilla ajoi-
tussignaalien välillä. Lisäksi rengasoskillaatorin jokaisesta vaiheesta otetaan näyte ajoitussignaa-
leilla niiden paikkojen määrittämiseksi kellojakson sisällä, jolloin aika-digitaalimuuntimen erot-
telutarkkuutta saadaan parannettua. Erottelutarkkuutta parannetaan lisää viivästämällä ajoitus-
signaaleja viive-elementeillä ja muodostamalla näin useita erillisiä ajoitussignaaleja, joiden väli-
set viive-erot ovat murto-osa rengasoskillaattorin viive-elementin viiveestä. Aika-digitaalimuun-
nin stabiloidaan käyttöjännite- ja lämpötilavaihteluja vastaan lukitsemalla se integroidun piirin
sisäiseen jännitereferenssiin, tai sen erottelutarkkuus määritetään ennen varsinaista aikavälinmit-
tausta erillisellä kalibrointimittauksella. Vastaanotetun valopulssin amplitudivaihtelun aiheutta-
ma systemaattinen ajoitusvirhe integroidussa vastaanotinkanavassa kompensoidaan mittaamalla
vastaanotetun valopulssin nousunopeus aika-digitaalimuuntimella. Tällainen aikatasoon perustu-
va kompensointimetodi on myös suorituskykyinen nykyisissä matalakäyttöjännitteisissä CMOS-
teknologioissa. 

Työssä valmistettiin ja testattiin kolme aika-digitaalimuunninprototyyppiä. Muuntimien ker-
tamittaustarkkuuden keskihajonta oli parhaimmillaan 16 ps (2,4 mm) ja tehonkulutus alle
5,3 mW/kanava mittausetäisyyden olessa alle 100 ns (15 m). Sisäiseen jännitereferenssiin luki-
tun aika-digitaalimuuntimen lämpötilariippuvuudeksi mitattiin 90 ppm/°C ja kalibrointimenetel-
mällä saavutettiin 0,27 ps/°C lämpötilariipuvuus. Työssä saavutetut tulokset osoittavat lisäksi,
että valopulssin kulkuajan mittaukseen perustuvalla lasertutkalla on saavutettavissa senttimetri-
luokan tarkkuus 0 – 15 m mittausalueella käyttämällä tässä työssä esitettyä integroitua vastaan-
otinta ja aikatason ajoitusvirhekompensointia. 

Asiasanat: aikavälinmittaus, etäisyysmittaus, jännitereferenssilukittu oskillaattori,
lasertutka, optinen vastaanotin
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List of terms, symbols and abbreviations 

The terms describing the performance of the measurement equipment are defined 

according to the IEEE Standard Dictionary of Electrical and Electronics Terms 

(IEEE 1996): 

accuracy is the degree of correctness with which a measured value agrees 

with the true value 

differential nonlinearity is the difference between a specified code bin width 

and the average code bin width 

integral nonlinearity is the maximum nonlinearity (deviation) over the 

specified operating range of a system 

jitter refers to the short-term deviations of the significant instants of a signal 

from their ideal positions in time 

precision is the quality of coherence or repeatability of measurement data, 

customarily expressed in terms of the standard deviation of the extended set of 

measurement results from a well-defined (adequately specified) measurement 

process in a state of statistical control 

random error has unknown magnitudes and direction and varies with each 

measurement 

resolution is the least value of the measured quantity that can be distinguished 

systematic error remains constant in magnitude and direction throughout the 

calibration process 

 

ADC analogue-to-digital converter 

ADDR address 

ALC actual LSB calibration 

BiCMOS bipolar-CMOS, a semiconductor technology containing both bipolar 

and CMOS transistors 

BJT bipolar junction transistor 

CAL_CTR calibration counter 

CLC constant LSB calibration 

CLK clock 

CMOS complementary MOS, a semiconductor technology containing both 

NMOS and PMOS transistors 

COMP comparator 

CP charge pump 

CTR counter 
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DAC digital-to-analogue converter 

Damp difference amplifier 

DLL delay-locked loop 

EN enable 

FVC frequency-to-voltage converter 

GaAs gallium arsenide 

IC integrated circuit 

IEEE Institute of Electrical and Electronics Engineers 

I/O-pad input/output bonding pad 

JLCC J-leaded ceramic chip carrier 

LSB least significant bit 

MCU micro control unit 

PCI peripheral component interconnect 

PD phase detector or photo detector 

PLL phase-locked loop 

ppm part per million 

REF reference signal 

rms root mean square 

SIPO serial-in-parallel-out 

STOPtr second stop channel for slew-rate measurement 

SYNC synchronous block 

TAC time-to-amplitude converter 

TDC time-to-digital converter 

TEKES Finnish Funding Agency for Technology and Innovation 

TOF time-of-flight  

VCO voltage controlled oscillator 

VFQFPN very thin fine pitch quad flat pack no lead 

VRLO voltage reference-locked ring oscillator 

1/M divider block (division ratio of M)  

 

A amplification 

C capacitance 

fosc frequency of an oscillator (Hz) 

f1/M frequency of output of a divider (Hz) 

H(s) transfer function 

Iref reference current 

Kf gain of FVC 
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Ko gain of oscillator 

M interpolation ratio of timing signal interpolator or ratio of divider 

N number of phases of ring oscillator or common integer number 

T period of frequency 

Tclk period of clock 

Tin actual input time 

Tinput Tin result of TDC 

Tosc period of oscillator 

Tref period of reference clock 

T1 result of start interpolator 

T2 result of stop interpolator 

T12 result of counter 

VC control voltage 

Vfvc output voltage of FVC 

Vno_fvc noise voltage of FVC 

Vno_ref noise voltage of reference voltage 

Vref reference voltage 

 

Δω offset frequency (rad/s) 

σ standard deviation 

σact standard deviation of actual time interval measurement results 

σcal standard deviation of calibration measurement results 

σq rms quantization jitter level 

σrms-cycle rms cycle jitter of a ring oscillator 

σs-s standard deviation of the single-shot precision of a TDC 

στ cumulative jitter of a ring oscillator 

τb basic delay of a buffer 

τloop time constant of a loop bandwidth 

τp time constant of a dominant pole 

τtot total propagation delay of a buffer 

τ1 time difference of adjacent phases of a ring oscillator 

τ2 time difference of adjacent phases of a timing signal interpolator 

φosc phase of output of a ring oscillator 

ωloop loop bandwidth (rad/s) 

ωnoise phase noise in the frequency domain (rad/s)  

ωosc frequency of an oscillator (rad/s) 

ω1/M frequency of output of a divider (rad/s) 
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Sφosc(s) phase noise power spectrum 
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1 Introduction 

1.1 Pulsed time-of-flight laser rangefinding 

The principle and block diagram of a pulsed TOF laser rangefinder is shown in 

Fig. 1. It typically consists of a semiconductor laser diode transmitter (laser), two 

receiver channels (REC_start and REC_stop) with two photo detectors (PD), a 

time-to-digital converter (TDC) and a micro control unit (MCU). The start timing 

pulse could also be generated electrically from the laser diode transmitter. A 

pulsed TOF laser rangefinder operates by measuring the flight time of a laser 

pulse from a laser transmitter to the target and back to the optical detector. The 

laser shoots a short light pulse (2 ns–5 ns) to a target while directing a small 

portion of it directly to the photo detector of the start receiver channel 

(REC_start) by means of mirrors and lenses. This light pulse works as the start 

timing mark for measurement purposes. The reflected pulse is detected by the 

photo detector of the stop receiver channel (REC_stop). The TDC is used to 

calculate the time difference between these pulses detected by the receiver 

channels and obtain the distance by reference to the known velocity of light.  

Fig. 1. Block diagram of a pulsed time-of-flight laser rangefinder. 

Pulsed TOF laser rangefinders are especially useful in applications where good 

focusability of the measurement beam is needed, i.e. the measuring of substance 

levels in containers, the profiling and scanning of surfaces, traffic control and 

perception, adaptive cruise control and proximity switches (Goldstein & 

Dalrymble 1967, Kostamovaara et al. 1992, Määttä et al. 1993, Kaisto et al. 

1993, Araki & Yoshido 1996, Ng et al. 2004, Pananurak et al. 2008, Velupillai & 
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Guvenc 2009). High volume traffic perception systems could also potentially use 

this technology, especially if small size and low price could be achieved. These 

requirements can be satisfied by large-scale system integration and could benefit 

from the use of cheap, high volume CMOS technologies.  

The most important performance parameters of a laser rangefinder are its 

measurement range, measurement time, precision and accuracy. The measurement 

range of a pulsed TOF laser rangefinder is mainly determined by the power of the 

laser pulse, the noise of the receiver channel and the aperture of the optics. The 

power of the pulse received by an optical detector is determined by the radar 

equation (the amplitude of a detected pulse is inversely proportional to distance) 

and the noise of a receiver channel determines the minimum signal which can be 

detected (Northend et al. 1966, Ruotsalainen 1999: 27). Measurement ranges 

typically vary from a few metres to ten metres in industrial and traffic perception 

applications, but can be several kilometres in military applications.  

The measurement time of a pulsed TOF laser rangefinder is short, because 

accurate measurement results can be achieved even using a single light pulse. 

Tens of thousands of measurements per second, or even 100 000, can be 

performed, depending on the pulse rate of the laser pulser. This is an important 

feature in applications such as proximity switches and traffic perception devices, 

which typically need a high measurement speed. 

 The precision gives the deviation of the results for the same quantity caused 

by random errors, i.e. noise (IEEE 1996). The precision of a pulsed TOF laser 

rangefinder is mainly affected by the noise of the receiver channel, the rise time 

of the laser light pulse and the bandwidth of the receiver channel (Bertolini 1968, 

Kostamovaara et al. 1992a), but it can be improved by averaging over several 

measurements if the noise is truly random. The precision needed will typically 

vary from cm level in traffic perception applications to as much as a couple of 

metres in military applications. 

Accuracy is determined by the difference between the value measured and the 

true value (IEEE 1996). The accuracy of a pulsed TOF laser rangefinder is mainly 

affected by variation in the amplitude of the received pulse, causing a systematic 

error known as walk error (Gedcke & Williams 1968, Arbel 1980: 200–204, 

Palojärvi 2003: 18–21, Palojärvi et al. 2005). The walk error can be several tens 

of centimetres (2 ns) over a dynamic range of 1:10 000…100 000 when using 

typical laser light pulses with rise times of a couple of nanoseconds. This large 

systematic error is not acceptable in most laser rangefinder applications, however, 

so that some sort of compensation is required. 
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Even if the light pulse could be detected ideally by using a photo detector and 

a receiver channel, the performance of the laser radar would be limited by that of 

the time interval measurement unit, the time-to-digital converter (TDC) that acts 

as the clock in the system measuring the flight time of the light pulse. This means 

that the accuracy of a pulsed TOF laser rangefinder is limited by the resolution of 

its TDC (LSB), given that the TDC is considered to be otherwise ideal. The need 

for high accuracy in time interval measurement originates from the high speed of 

light. If a distance measurement accuracy of 1 cm is to be aimed at, for example, 

the flight time of the laser pulse needs to be determined with an accuracy better 

than 67 ps. 

1.2 Background and aim of the work 

Pulsed time-of-flight (TOF) laser rangefinders and their subcircuits (TDCs and 

receiver channels) have been studied at Electronics Laboratory of the University 

of Oulu since the late 1970´s (Ahola 1979). The photograph in Fig 2 a) shows an 

example of a commercial device manufactured based on the basis of that research. 

This LR-2000 pulsed TOF laser rangefinder system used to measure lining wear 

in a hot converter was manufactured from standard commercial components 

(Määttä et al. 1993, Määttä 1995: 48–50). 

Nowadays laser radars are usually manufactured using discrete components, 

e.g. the SICK LMS 200 (Pananurak et al. 2008, Villepillai et al. 2009), which is 

only 185 mm x 156 mm x 210 mm in size. Applications such as proximity 

switches and traffic perception required even smaller size, lower price and lower 

power consumption for the devices to appeal to the global mass market. 

Improvements in integrated circuit technologies (BJT, BiCMOS CMOS) have 

made it possible to manufacture prototype laser radar devices in which the 

receiver channels are integrated into one chip (Palojärvi et al. 1997, Ruotsalainen 

1999: 15–17), the time interval measurement unit into another chip (Räisänen-

Ruotsalainen 1998, Räisänen-Ruotsalainen et al. 1998), the laser transmitter is 

manufactured using discrete components and operation is controlled by a 

commercial controller. The prototype for such a pulsed TOF laser rangefinder, as 

shown in Fig. 2 b), is approximately the size of a mobile phone. The photograph 

in Fig. 2 c) shows a receiver hybrid circuit consisting of a photo detector and an 

integrated receiver channel chip. 
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Fig. 2. The development of pulsed TOF laser rangefinders. 

The research reported in this thesis was started in 2002 as a joint project with 

TEKES and industry, the main goal of which was to fabricate an integrated 

receiver for a pulsed TOF laser rangefinder using cheap CMOS technologies that 

enabled the receiver channel and the TDC to be included on the same die. 

Secondly, the aim from the point of view of the whole receiver was to develop a 

time domain method for compensating for the walk error, in order to minimize the 

dominant error source affecting the accuracy of these devices. The time domain 

compensation method is very attractive in the case of an integrated receiver, 

because the TDC is already needed to measure the flight time, so that no 

additional measuring circuits are needed, only an extra comparator, a second 

timing channel and registers to store the results, as is explained in Section 4.2.1. 

The magnitude of the walk error can be determined by measuring the slew rate 

(Lim & Park 2003) or pulse width (Martoiu et al. 2009, Kurtti et al. 2009) of the 

received pulse even if the amplitude is saturated by the limited linear amplitude 

range of the receiver. In addition, the time domain walk error compensation 

method is even more attractive from a technology point of view as the speed of 

ever thinner line width technologies can be exploited (improved resolution) even 

though the linear amplitude range of the receiver channel is reduced at the same 

time. It was anticipated that this kind of integrated receiver would make it 

possible to fabricate a compact laser rangefinder module at a competitive price for 

use in applications where the utmost accuracy is not needed but where the size 

and price of the whole device have to be minimized. 

The aim of this thesis was to develop TDC structures suitable for the 

integrated receiver of a pulsed time-of-flight laser rangefinder aiming at cm-level 
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accuracy over a measurement range of 0–15 m, while the receiver channel and a 

detailed analysis of walk error compensation were the topics of another thesis. 

The aim from the TDC point of view was to discover simple structures that 

avoided any external off-chip reference-locked loops for reasons of cost, power 

budget and robustness. 

1.3 Contribution and contents 

Given the aim of this thesis as set out above, its main contribution has proved to 

be the development of a TDC architecture based on a multiphase ring oscillator, 

the basic frequency of which is used to calculate the full clock cycles elapsing 

between timing signals. Additionally, the positions of the timing signals within a 

clock period are determined by storing the state of the phases of the ring oscillator 

for each timing signal. Also, additional delay lines are used to generate multiple 

timing signals, each having a time difference of a fraction of that of the ring 

oscillator, in order to further improve the resolution of the whole TDC. The TDC 

consists of three timing channels, so that in addition to the time interval between 

the start and stop signals it can also measure the slew rate of the received light 

pulse to compensate for the walk error of the receiver channel.  

The other contribution of this thesis is the development of temperature and 

supply voltage stabilization methods for a TDC. An on-chip voltage reference-

based stabilization architecture and a full CMOS current-voltage reference circuit 

were developed in this work in order to achieve a TDC that is stable with respect 

to temperature and supply voltage without any off-chip reference oscillator. Such 

a TDC structure would be beneficial in laser rangefinder applications where the 

utmost accuracy is not needed but minimization of the circuit area, power and 

number of components in the rangefinder is important from the cost point of view. 

One of the stabilization methods developed here is based on the use of calibration 

to determine the resolution of the ring oscillator-based TDC before the actual time 

interval measurement. The resolution of the TDC was allowed to be dependent on 

temperature and supply voltage, but these dependences were compensated for by 

using the clock of the micro-controller as a calibration input to determine the 

actual resolution of the TDC at the ambient operation point. In that case, the TDC 

can operate at the best possible resolution achievable with the CMOS technology 

involved, because the speed of the ring oscillator is not limited by any control 

signal as in locked loops. 
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The final contribution of this thesis is the development of a full single-chip 

realization of the integrated receiver for a pulsed TOF laser rangefinder. This 

integrated receiver consists of the three-channel ring oscillator-based TDC 

developed here and a leading edge timing detection-based receiver channel (the 

topic of another thesis), the walk error of which is compensated for by means of 

the TDC.  

The basic principle of time-to-digital conversion with a counter and 

interpolator and the prior state of the art based on published works are presented 

in Chapter 2 and the TDC architecture developed here, the temperature and 

supply voltage stabilization methods and the characteristic of the precision of the 

ring oscillator-based TDC in Chapter 3. The implementations and their 

measurement results are presented in Chapter 4, comparisons are made with other 

published works in Chapter 5 and the results are summarized in Chapter 6. 
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2 Time-to-digital converter for the receiver of a 
pulsed TOF 

As mentioned above, a measurement range of 10 m to 20 m and cm-level 

accuracy are adequate for some pulsed TOF laser rangefinder applications. These 

requirements place limits on the specifications for the TDC of the integrated 

receiver to be used in such applications. Since 1 cm and 20 m correspond to 67 ps 

and 134 ns, respectively, a single-shot precision standard deviation and linearity 

of some tens of picoseconds over a range of more than 100 ns are needed in the 

TDC. In addition, cost, robustness and mass production considerations mean that 

the TDC of the integrated receiver should be small in size, simple in structure and 

have a low power consumption and a high degree of integration. 

Just an oscillator with a counter can be used to achieve time-to-digital 

conversion, but when aiming at a resolution of 67 ps the clock frequency of the 

counter should have to be approximately 15 GHz. This frequency could be 

reduced at the expense of measurement time if the measurements were averaged 

with asynchronous timing signals (Reed 1964, Hewlett Packard). For example, 

approximately 22 000 measurements would be needed to achieve a resolution of 

67 ps if a clock frequency of 100 MHz was used. This means that the 

measurement time would be a couple of seconds with a laser having a pulse rate 

of 10 kHz, which is unacceptable in most applications. The other simple choice, 

for example, would be to use cascaded delay elements as a time-to-digital 

converter, each having a time delay of 67 ps, but then 1000 elements would be 

needed to achieve an input range of 67 ns, and long delay chain TDCs of this kind 

suffer from integral nonlinearity problems that detract from their accuracy (Toifl 

et al. 1999). 

A practical method for achieving a large dynamic range and high single-shot 

precision is to use the combination of a counter and an interpolator known as the 

Nutt method (Nutt 1968, Kostamovaara et al. 1986, Kalisz 2004), a timing 

diagram for which is shown in Fig. 3. The counter (COUNT) is used to calculate 

the full clock cycles (CLK) between the start and stop signals, giving the result 

T12. An interpolator (START INT and STOP INT) is then used to determine the 

time intervals from the two timing signals to the next rising edges of the clock 

signal, giving the results T1 and T2. The input time (Tinput) can be derived from 

these results, as shown in Fig. 3. Thus the range of an interpolator can be kept 

short (only one reference clock cycle) and the clock frequency low. An additional 

advantage of the Nutt method as compared with a structure based on just a long 
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delay element chain in the TDC is that the effects of nonlinearities in the 

interpolator can be reduced by averaging (Kalisz et al. 1987). The nonlinearity 

errors of the TDC can also be corrected to improve the single-shot precision by 

using look-up tables determined from the measured nonlinearity characteristics of 

the interpolators (Kalisz et al. 1987, Kalisz et al. 1994, Pelka et al. 1997). 

Fig. 3. Timing diagram of the Nutt method. 

The next sections present some previously designed integrated TDC structures. 

Section 2.1 presents counter-based TDC structures with a wide dynamic range 

and moderate or low resolution. Section 2.2 presents TDC structures without an 

oscillator which can be used as interpolators in Nutt method TDCs for example. 

Some counters with analogue or digital interpolators are presented in Section 2.3. 

2.1 Counter-based time-to-digital converters 

Time interval measurement units based on just a counter have usually been used 

for measurement ranges of several microseconds with moderate resolution (Porat 
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1973, Williams 1975). Counter-based TDCs fabricated in a GaAs process have 

achieved resolutions from 417 ps to 1 ns (Sasaki et al. 1989, Gao & Partridge 

1991, Hazen et al. 1994), but have a high power consumption in terms of watts. A 

TDC fabricated in a 0.5 μm CMOS process has a resolution of 1 ns with a counter 

running at 1 GHz (Veneziano 1998), and ns-level resolution has also been 

achieved using time-interleaved counters clocked with multiphase clock signals 

(Rahkonen et al. 1989, Olsson & Nilsson 2004). Averaging is needed in all these 

counter-based TDCs to achieve ps-level precision, resulting in increased 

measurement time. 

2.2 TDCs without a counter 

The interpolator in a Nutt-based TDC is designed to cover only the period of the 

clock signal. These short-range structures that can be used as interpolators or 

standalone TDCs within a narrow measurement range are reviewed below. 

2.2.1 Time-to-amplitude converters (TAC) 

Analogue time-to-amplitude converters are based on charging or discharging a 

capacitor with a constant current during the time interval to be measured 

(Henebry & Rasiel 1966). The voltage change in the capacitor has to be converted 

to a digital word by a separate analogue-to-digital converter (ADC). An integrated 

TDC based on a CMOS time-to-voltage converter with a separate ADC has a 

resolution of 0.5 ns and a dynamic range of 5–25 ns (Stevens et al. 1989). 

Another integrated TDC, based on a TAC and an embedded Wilkinson ADC, 

achieves a resolution of 107 ps and a dynamic range of 8–24 ns (Gerds et al. 

1994).  

2.2.2 Digital delay line-based converters 

The simplest delay line-based time-to-digital converter operates by sampling the 

propagating start signal through a delay line by means of a stop signal (Rahkonen 

& Kostamovaara 1993). The time interval to be measured is determined from the 

position of the state change in the delay line and the resolution is defined by the 

propagation delay of a single delay cell. The resolution of a simple delay line-

based TDC is limited by the intrinsic gate delay of the technology used. 
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Various methods have been developed to achieve a resolution that is better 

than the intrinsic gate delay of a delay cell (buffer or inverter). The resolution of 

TDCs based on the Vernier principle (Baron 1957) is defined by the difference 

between the delays of two separate delay cells or the cycle times of the two 

oscillators. The time interval to be measured is derived from the coincidence of 

the timing signals propagating through these two Vernier delay lines. Another 

technique for achieving better resolution than with a basic delay line is a pulse 

shrinking delay line (Rahkonen & Kostamovaara 1990), which is used to measure 

the width of the pulse. The pulse to be measured is propagated in a pulse-

shrinking delay line, so that it shrink by an amount equal to the time resolution in 

each pulse shrinking delay element. The number of delay elements through which 

the pulse propagates before vanishing can be used to determine the width of the 

pulse. To reduce the effect of the nonlinearity of a long chain-like pulse-shrinking 

delay line, a cyclic pulse-shrinking delay line can be used. Here the pulse 

circulates in a single delay element and the input time interval can be determined 

by counting the number of rounds (Chen et al. 1997).  

Some techniques have been developed for reducing the number of delay 

elements in a TDC in order to limit its size. A hierarchical delay processing 

structure makes possible to reduce the number of delay elements by using binary-

scaled delay elements (Yousif et al. 2007), but a decrease in the number of 

elements can also be achieved by using a two-level conversion scheme in which 

the time interval to be measured is first converted by a coarse converter and the 

time residue is then determined by a fine converter (Mäntyniemi et al. 2000, 

Mäntyniemi 2004). In that case, the whole conversion range does not need to be 

covered by the fine converter and the number of delay elements can be reduced. 

Several TDCs based on previously presented structures have been reported in 

the literature, and the performances of some of these devices are presented here. A 

basic delay line-based TDC locked with a delay-locked loop (DLL) has a 

resolution of 530 ps and a measurement range of 17 ns, with a 59 MHz clock 

(Santos et al. 1996). Another 90 nm CMOS TDC for frequency synthesis is based 

on an inverter chain delay line and makes use of the speed of a sub-micrometer 

CMOS technology to achieve a resolution of 20 ps with a dynamic range of 1 ns 

(Staszewski et al. 2006). A Vernier delay line-based TDC locked with a DLL has 

a resolution of 30 ps with a dynamic range of approximately 4 ns (Dudek et al. 

2000). A suitable measurement range for laser rangefinding is achieved by using 

an 11-bit TDC based on a pulse-shrinking delay line having an adjustable 

resolution of 50 ps to 1 ns with a measurement range from 102 ns to 2048 ns 
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(Karadamoglou et al. 2004). The power consumption of that TDC is less than 10 

mW at an event rate of 100 kevents/s when the resolution is 100 ps.  

A cyclic pulse-shrinking delay line-based TDC has a resolution of 57.3 ps 

with a dynamic range from 23 ns to 38 ns (Chen et al. 2005). Theoretically, the 

measurement range of a TDC of this kind can be increased by just adding bits to 

the counter, but then the measurement time is increased, because the conversion 

time is proportional to the input time. A 100 ns input time interval, for example, 

needs a cycle delay of 100 ns and 1750 counts with a resolution of 57.3 ps, 

leading to a conversion time of approximately 175 μs (6 kHz). Also, the precision 

of the converter is degraded by the cumulative jitter of the 1750 counts.  

A resolution of 31 ps and a measurement range of 2 ns have been achieved 

using a hierarchical delay processing structure together with a Vernier delay line 

(Yousif et al. 2007). Quite a high resolution of 24 ps with a dynamic range of 6 ns 

can be achieved by using a two-level conversion scheme in which the coarse and 

fine conversions are based on a basic delay line and a Vernier delay line, 

respectively (Hwang et al. 2004). Another two-level conversion-based TDC 

which uses time amplifiers to improve the resolution and the same delay line-

based converter at both levels reaches a resolution of 1.25 ps with a dynamic 

range of 640 ps (Lee & Abidi 2008). The last three converters lack the 

measurement range for the applications mentioned above when operating as 

standalone converters.  

2.3 Nutt-based converters 

As pointed out above the Nutt method can be used to achieve a large dynamic 

range and high resolution. In this method a counter is used to determine the time 

interval between the start and stop timing signals with the resolution of a clock 

period, and an interpolator is used only to measure the time interval between the 

timing signals and the next rising edges of the clock signal. Some Nutt-based 

converters and their performance details are presented in the next two sections.  

2.3.1 TAC-based interpolation 

Time-to-amplitude converters (TAC) can be used on their own as interpolators to 

measure the time interval between timing signals and the next rising edge of the 

reference clock. An integrated TDC based on a counter and a dual-slope TAC 

fabricated in a 0.8 μm BiCMOS technology has a resolution of 32 ps over a 
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dynamic range of 2.5 μs (375m). This circuit needs a reference oscillator (100 

MHz) and has a power consumption of 350 mW. (Räisänen-Ruotsalainen et al. 

2000.) A CMOS TDC based on a counter (62.5 MHz–100 MHz), TACs and a 

flash analogue-to-digital converter for a positron emission tomography imaging 

application has a resolution of 312.5 ps and a power consumption of 175 mW 

with a dynamic range of 80 ns (12 m) (Swann et al. 2004), while a resolution of 

50 ps was achieved with a 80 MHz clock using pulse stretching-based TACs 

fabricated in a 0.35 μm CMOS process over a measurement range of 250 ns, 

equivalent to 37.5 m (Chen et al. 2006). The power consumption of this TDC is 

less than 0.75 mW with a pulse rate of 100 ksample/s.  

2.3.2 Delay line-based interpolation 

Digital delay lines can also be used to derive the fractional part of a clock period 

when a counter is used to calculate full cycles of the reference clock between the 

timing marks. In addition, digital delay lines can be locked to the period of this 

reference clock signal to achieve stable operation under conditions of variable 

temperature and supply voltage.  

A ring oscillator can be locked to a reference oscillator by means of a phase-

locked loop (PLL), and the multiphase structure of a ring oscillator can be used as 

an interpolator to determine the position of the timing signal within a clock 

period. An integrated, phase-locked BiCMOS ring oscillator had a resolution of 

125 ps with a power consumption of 1.32 W (Herve & Torki 2002) when its 

operation frequency was 500 MHz. A TDC based on a counter and the Vernier 

principle, in which the linear Vernier delay lines were replaced by two triggerable 

ring oscillators with a small difference in their oscillation frequencies had a 

resolution of 37.5 ps and a power consumption of 150 mW, with a dynamic range 

of 50 ns (Chen et al. 2007).  

To improve the resolution of a simple delay line-based TDC with a counter, 

some multi-level interpolation structures which also reduce the number of 

elements needed for interpolation have been used. A TDC based on two-level 

interpolation, a delay line and a load capacitor-scaled parallel structure, has a 

resolution of 30 ps with a power consumption of 30 mW over a dynamic range of 

more than 1 μs (Mäntyniemi et al. 2000, Mäntyniemi 2004). TDCs based on the 

same two-level interpolation scheme as the previous reference, but which use 

reference recycling in the delay line to improve their integral nonlinearity have 

been designed by Jansson et al. (2006 and 2009). The latest of these has a 
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resolution of 9.6 ps (uncorrected single-shot precision of 12 ps) with a power 

consumption of 35 mW. A TDC consisting of a simple delay line sampled by four 

timing signals generated by an adjustable on-chip RC delay line has a resolution 

of 24.5 ps with a dynamic range of 102.4 μs (Mota et al. 2000). A TDC based on 

a cyclic time domain successive approximation interpolation method used as a 

fine interpolator has a resolution of 1.2 ps (uncorrected single-shot precision of 

13.6 ps), a power consumption of 33 mW and a dynamic range of 327 μs 

(Mäntyniemi et al. 2009). All the TDCs presented in Section 2.3 offer adequate 

performance for most pulsed TOF laser rangefinder applications. 
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3 A multiphase ring oscillator-based TDC 

Some of the TDC architectures presented in Chapter 2 offer adequate 

performance for use as the time interval measurement unit of a pulsed TOF laser 

rangefinder, but most of those are stabilized using an off-chip reference oscillator, 

whereas the main aim of this work was to develop TDC structures suitable for the 

integrated receiver of a pulsed TOF laser rangefinder consisting of both the TDC 

and the receiver channel on the same die, with the performance aims of cm-level 

accuracy and a 15 m measurement range. Moreover, a compact, low power 

structure with few off-chip components was regarded as desirable for the sake of 

robustness, power consumption and price. In addition, the main systematic error, 

the walk error of the receiver channel, was to be compensated for by measuring 

the slew rate of the received pulse using the TDC. This kind of integrated receiver 

could be beneficial for pulsed TOF laser rangefinder applications in which the 

utmost accuracy is not needed but a high degree of integration and a low price are 

important.  

IC manufacturers nowadays offer CMOS technologies for fabricating fast 

digital circuits that also make it possible to fabricate adequate good analogue 

circuits to realize receiver channels and voltage reference circuits. The simple, 

compact TDC presented here was achieved by using a multiphase ring oscillator 

as the heart of the TDC. Such a structure will automatically realize the 

interpolation function provided that the state of the phases of the ring oscillator is 

recorded by the timing signals. The structure makes use of the speed of modern 

sub-micrometre CMOS technologies to achieve an approximately cm-level 

resolution (67 ps). The resolution of the TDC will also scale with new CMOS 

technologies. The necessity for an off-chip reference oscillator could also be 

excluded by locking the frequency of the ring oscillator to an on-chip reference 

voltage to stabilize the resolution of the TDC against temperature and supply 

voltage variations and to further increase the degree of integration of the whole 

receiver.  

This chapter introduces the basic operation of the time-to-digital converters 

designed in this work, presents the stabilization architectures at the system level 

and analyses the dominant factor to be considered in single-shot precision, jitter.  
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3.1 Operation 

The basic operation of the TDC designed here is in principle based on the Nutt 

method (Nutt 1968). An adequately wide dynamic range is achieved by counting 

the full clock periods of the multiphase ring oscillator between the timing signals 

and the determining the positions of the timing signals within the clock period by 

storing the state of the phases of this multiphase ring oscillator for each timing 

signal at sub-centimetre resolution. The resolution of the TDC (LSB, width of 

bin) can be derived by dividing the period of the ring oscillator by the number of 

phases.  

The principal timing and block diagrams of the TDC are shown in Fig. 4 and 

Fig. 5, respectively. The CLK signal of the 8-phase ring oscillator-based TDC 

corresponds to one phase of the ring oscillator (Φ1 in Fig. 5). A counter (CTR in 

Fig. 5) is started by the next rising edge of the CLK after the START signal and 

stopped by the next rising edge of the CLK after the STOP signal, giving the 

result T12 (COUNT in Fig. 4). The counter is synchronized by the dual-edge 

method (SYNC in Fig. 5) to avoid the metastability problem of flip-flops, which 

means that the inverted clock (Φ5 in Fig. 5) is also fed to the synchronization 

block (Mäntyniemi et al. 1997, Mäntyniemi 2004: 30–35). The state of the ring 

oscillator (PHASES in Fig. 4) is also stored by the asynchronous timing signals 

START and STOP, giving the results T1 and T2, respectively. The input time 

interval (Tinput) can be derived by combining these results as shown in Fig. 4, with 

a resolution of τ1 corresponding to the period of the ring oscillator divided by 8. 
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Fig. 4. Timing diagram for an 8-phase ring oscillator-based TDC. 

Fig. 5. Block diagram of an 8-phase ring oscillator-based TDC.  
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3.2 Timing signal interpolation 

The resolution of a multiphase ring oscillator-based TDC is limited by the gate 

delay of the technology used. The gate delay is determined by the load 

capacitances at the output node and the driving capability of the buffer. The 

maximum frequency of a ring oscillator, and thus the best possible resolution of 

the TDC at the desired power consumption, is achieved by using a compact 

structure to minimize parasitic capacitances at the output node and the maximum 

width-to-length ratio of buffers to meet the power consumption requirements. If 

better resolution is required, a multi-level interpolation will be needed. This can 

be realized by means of a timing signal interpolator which has a smaller effective 

delay than the gate delay of the element used in the ring oscillator, e.g. RC delay 

line-based timing signal interpolators (Mota & Christiansen 1999, Mota et al. 

2000) or parallel elements (Mäntyniemi 2004). It is also possible to use voltage-

controlled buffers scaled to have a gate delay of half of that of the element of the 

ring oscillator by using larger width-to-length ratios than in the ring oscillator. If 

larger width-to-length ratios were used in the ring oscillator itself to achieve 

better resolution, the mean power consumption would be increased in a manner 

directly proportional to the increase in the width-to-length ratio, but if the voltage 

controlled buffers used in the timing signal interpolator are scaled to have a 

smaller gate delay, the peak current will be consumed only on the arrival of the 

timing signals. In that case the total power consumption will not increase 

dramatically. In this work both parallel elements and voltage-controlled buffers 

were used as timing signal interpolators. The LSB of a TDC based on a 

multiphase ring oscillator and timing signal interpolator can be derived as 

 
MN

T
LSB CLK

⋅
= , (1) 

where TCLK is the period of the ring oscillator and N and M are the numbers of the 

phases of the ring oscillator and the timing signal interpolator, respectively. 

A timing diagram illustrating the principle of using a timing signal 

interpolator for the start signal is shown in Fig. 6. The CLK is one phase of an 

eight-phase (RING OSC. PHASES) ring oscillator used for counting full clock 

periods. The time difference between adjacent phases is τ1. The state of the phases 

is stored by the actual start signal (START1) and additionally by the delayed start 

signal (START2), which is a delayed version of START1 having a delay of τ2. 

Both start signals give the same result, 7τ1 in Fig. 6. This means that the time 
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difference between the START1 and the next rising phase (T11) is longer than τ2. 

In that case the result of the interpolation T1 can be derived as 14τ2, because τ1 = 

2τ2. If the start and delayed start give different results, e.g. 7τ1 and 6τ1, then T1 is 

6.5τ1, corresponding to 13τ2. This would in effect mean the same situation as if a 

ring oscillator having 16 phases (LSB = τ2) (EFFECTIVE PHASES in Fig. 6) 

were sampled by one timing signal. The LSB of the TDC based on Fig. 6 is 

TCLK/(8*2) = τ2, and can be further improved by using a larger interpolation ratio 

(more delay elements) in the timing signal interpolators.  

Fig. 6. Timing diagram for interpolation with a timing signal interpolator. 

3.3 Stabilization 

The resolution of the ring oscillator-based TDC depends on the propagation delay 

of the delay element used. Since this delay is strongly proportional to ambient 

temperature and supply voltage, the delay has to be stabilized or known at every 

operation point to avoid gain error in the time interval measurement. The 
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integrated ring oscillator-based TDC can be stabilized by means of a phase-locked 

loop (Herve & Torki 2002), but then an off-chip reference oscillator is needed, 

increasing the number of the components in the whole laser radar device. In 

addition, the LSB of a ring oscillator-based TDC is also degraded by using a 

locked loop relative to a free-running ring oscillator, because the operation 

frequency has to be the same at every process corner point and temperature with 

the same off-chip reference frequency.  

Two stabilization methods were developed here: an on-chip voltage 

reference-locked loop, as presented in Section 3.3.1, and a calibration method, as 

presented in Section 3.3.2. The former allows stable operation without any off-

chip reference oscillator, while the latter, where the resolution of a free-running 

ring oscillator-based TDC is measured before the actual time interval 

measurement, enables one to use the maximum operation frequency for the 

technology concerned. 

The delay in the timing signal interpolators is also proportional to 

temperature, but this problem can be avoided by locking the timing signal 

interpolators to the time difference of adjacent phases of the ring oscillator. This 

is explained in more detail in Section 4.2.1. 

3.3.1 On-chip voltage reference-locked loop 

An on-chip voltage reference-locked loop and its subcircuits are presented in 

more details in Papers III, IV and VI and some of them also in Chapter 4. Paper 

III presents the idea of stabilizing the ring oscillator by means of a current-voltage 

reference circuit and gives some simulation results, while Papers IV and VI 

present the operation of the voltage reference-locked ring oscillator (VRLO) as 

the heart of the TDC and measurement results for the whole TDC. The most 

important features of its operation will be reviewed here. A block diagram of the 

on-chip voltage reference-locked ring oscillator is shown in Fig. 7. It consists of a 

12-phase ring oscillator (VCO) having a gain of Ko relating the change in 

frequency to the control voltage ratio, a divider (1/M), a frequency-to-voltage 

converter (FVC) (Djemouai et al. 1998), a difference amplifier (DAmp) and an 

on-chip reference circuit (on-chip ref.). The output frequency of the ring oscillator 

fosc is divided by the digital divider 1/M and this divided frequency is then 

converted to a voltage Vfvc by means of the FVC. In the locked condition the 

voltage Vfvc is same as the reference voltage Vref if the low frequency gain of the 
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transfer function of the difference amplifier A*H(s) is large. In this case, the 

frequency of the ring oscillator fosc can be expressed as  

 osc ref

f

M
f V

K
= ⋅ , (2) 

where Kf is the gain of the FVC (The output voltage of the FVC is inversely 

proportional to the input frequency.). As can be seen in (2), to stabilize the 

frequency, Vref and Kf have to be stabilized or have equal temperature drifts.  

The stability of the closed loop circuit is mainly dominated by the 

performance of the difference amplifier, because the gains Ko and Kf have wide 

bandwidths. An extra pole is nevertheless generated by the sampling nature of the 

FVC in the feedback loop, but this pole can easily be placed at a higher frequency 

than the unity gain frequency of the loop gain in order to maintain the stability. 

Fig. 7. Block diagram of an on-chip voltage reference-locked ring oscillator. 

A linear model of the VRLO is shown in Fig. 8, all the factors depicted in which 

correspond to the gains and transfer function of the blocks shown in Fig. 7, except 

for Vref and Iref, which correspond to the reference voltage and current, 

respectively. As the difference amplifier has a dominant pole (H(s) = 1/(sτp+1)) 

with a large DC gain (A), the closed-loop transfer function fosc(s)/Vref(s) can be 

expressed as 
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The transfer function has a DC gain of M/Kf. This result was expected, because 

the frequency of the oscillator has to change by this amount to keep the loop in 

lock when the reference voltage changes, as expressed in (2). To see the effects of 

both the reference voltage and the current on the oscillation frequency of the ring 

oscillator fosc, the gain Kf has to be determined. The reference current is needed to 

construct the FVC, the gain of which in the time domain Vfvc/T1/M is proportional 

to the current Iref and can be expressed as  
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where C and T1/M are capacitance values used in the FVC and the period of the 

signal f1/M, respectively. The 2 in the denominator is caused by the structure of the 

FVC, where a capacitor is charged during half of the period of an input T1/M. As 

the output of the ring oscillator is a frequency in the linear model, the gain of the 

FVC (Kf) has to be converted to the frequency domain as 
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Inserting (5) into (2) we obtain 
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As the divided frequency f1/M = fosc/M, fosc can be expressed as 
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The same result is presented in Paper VI. As can be seen in (7), a stable operation 

frequency could be achieved by having a stable reference current and voltage if 

the capacitor had a zero temperature coefficient. Capacitors always have some 

temperature dependence, however, and in any case it would be difficult to make 
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two sufficiently stable references, so that in order to stabilize the frequency, the 

temperature dependences of the nominator and denominator have to be made 

equal. This is achieved by using an adjustable current-voltage reference circuit.  

The idea was to tolerate the residual temperature drift of the reference current 

and use it to generate a reference voltage having the same residual drift. To 

compensate for the temperature dependence of the capacitors, the temperature 

dependence of the reference voltage was designed to be controlled digitally, 

enabling a stable operation frequency to be achieved. The absolute value of the 

reference current Iref, which is used to set the gain of the FVC, can also be 

controlled by another digital word to achieve the best possible operation 

frequency at every process corner point. In other words, as can be seen in (7), the 

absolute value of the operation frequency fosc alternated by the different values of 

the capacitance C and the reference voltage Vref at different process corner points. 

This alteration can be compensated for by controlling the absolute value of the 

reference current used in the FVC digitally. 

Fig. 8. Linear model of the VRLO.  

3.3.2 Calibration method 

In addition to the on-chip voltage reference stabilization method, another 

calibration method was developed to compensate for the temperature dependence 

of the ring oscillator. This is presented in Papers I and VIII. The frequency of the 

ring oscillator is not locked to any off-chip reference oscillator and as a result it 

has some temperature dependence. The off-chip reference crystal of a 

microcontroller, for example, is used to generate an accurate time base for a 

calibration counter on the TDC chip. The calibration counter can then be used to 
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generate timing signals related to this known time base for the TDC. The period 

of the ring oscillator, and thus the resolution of the TDC, can be determined by 

means of the result of the TDC measuring the calibration time interval generated 

before the actual time interval measurement.  

Schematic and timing diagrams for the calibration counter used to generate 

the time interval for the TDC are shown in Fig. 9. The calibration counter consists 

of four D-flip-flops, two output buffers (bu) and a NAND gate. The external 

enable signal of the calibration counter EN is synchronized by means of a D-flip-

flop to a reference clock having a period of Tref (REF). The inverted reference 

signal is then passed through a divider to generate a long enough calibration time 

interval 4*Tref (400 ns–800 ns, when reference frequencies of 5 MHz–10 MHz are 

used). The first rising edge of the divided reference signal (Q3) is the start timing 

mark for the TDC and the second rising edge the stop timing mark. Even though 

both the output signals (START and STOP) have an identical waveform Q3, the 

first rising edge of this signal enables the stop timing channel of the TDC, and 

thus only the following (second) rising edge is detected by it. The period of the 

ring oscillator, and thus the resolution of the TDC, are determined by the TDC 

measuring this accurate time base before the actual time interval measurement.  

The resolution of the TDC will be altered by temperature variation, but it can 

be measured and the result of the TDC can be compensated for. One advantage of 

this approach is that the best possible resolution can be achieved with the 

technology used, because no control is used to limit the frequency of the ring 

oscillator.  

The accuracy achieved by using the calibration method depends on the 

frequency of the reference. If the reference signal has low jitter, so that the 

dominant jitter sources are the ring oscillator and the TDC, the maximum 

deviation of one calibration measurement can be approximated to be ±3σcal 

(approximated from a Gaussian distribution where σcal is the standard deviation of 

the calibration measurements) of the TDC measuring the calibration input time 

(4*Tref). In that case, the maximum deviation of an actual time interval 

measurement ±3σact caused by the inaccuracy of the calibration measurement can 

be expressed as  

 ( )3 3
4
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act cal
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⋅
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where Tin is the actual input time interval being measured. This means that the 

error of the calibration measurement is scaled by the actual input time to the ratio 

of the calibration input time (Tin/(4*Tref)) to the error of the actual time interval 

measurement. Hence, the longer the period of the reference signal is, the less is 

the error caused by the calibration measurement at the particular input time 

interval. 

Fig. 9. Schematic diagram of the calibration counter. 

To minimize the error caused by the calibration measurement, the period of the 

reference signal has to be maximized. This also increases the time required for 

calibration, however, because a longer time interval has to be measured during 

calibration. Moreover, σcal is detrimentally affected by the cumulative jitter of the 

ring oscillator, its deterioration being proportional to the time under the square 

root all the time the cumulative jitter of the ring oscillator is dominated by phase 

noise in the 1/f 2 region, but when the cumulative jitter starts to be dominated by 

phase noise in the 1/f 3 region, the deterioration has a linear behaviour (Hajimiri & 

Lee 1999, Liu & McNeill 2003, Liu & McNeill 2004). Once the deterioration in 

σcal is linearly proportional to the period of the reference signal, any increase in it 

will not reduce the error caused by the calibration, because of the linear increase 
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in both the numerator and denominator in (8). The jitter behaviour will be 

explained in more detail in Section 3.4. 

In theory σcal can be improved by averaging several calibration measurements 

to reduce the error, at the cost of an increase the time taken for calibration. 

However, since the frequency of the ring oscillator may be altered by low 

frequency noise between the calibration measurements to be averaged, the 

improvement achieved is not such a straightforward matter. This behaviour is 

explained in more detail in Section 4.2.3. 

3.4 Precision of a ring oscillator-based TDC 

The accuracy of a TDC determines how large the error between the averaged 

result of the TDC and the actual input time interval is when an adequate number 

of averaged results are used to achieve statistical reliability (IEEE 1996, Hewlett 

Packard). This error depends mainly on the stability of the on-chip ring oscillator 

of the TDC during measurements. As a first approximation, the frequency of the 

ring oscillator can be assumed to be stable in this work, because it is either locked 

to a stable voltage reference or measured by means of the stable time base of a 

micro-controller. The most interesting feature of the TDC is therefore its single-

shot precision, which determines the extent to which results for the same time 

interval deviate from each other (IEEE 1996). If a fast measurement rate is 

needed, as in pulsed TOF laser rangefinders, it is desirable to design a TDC with 

an adequate single-shot precision, to avoid averaging. 

The single-shot precision of an off-chip reference-locked TDC is affected by 

several sources of error, such as quantization noise and the integral nonlinearities 

of interpolators (the start and stop channels), the phase noise of the reference and 

the jitter of the timing signals and delay line (Kalisz et al. 1987, Mäntyniemi 

2004: 69–71). The dominant sources when a low-noise reference signal and a 

delay-locked loop are used are usually quantization noise and the integral 

nonlinearities of the interpolators (depending on the resolution of the TDC). 

In the case of a ring oscillator-based TDC the single-shot precision is 

adversely affected by the cumulative jitter of the ring oscillator, because of its 

high phase noise. This effect is illustrated in Fig. 10 a) and b), where both axes 

are represented on a logarithmic scale to distinguish the slopes 0.5 and 1, and 

N*T is the number of the period of the ring oscillator. The στ in Fig. 10 a) 

represents the behaviour of the cumulative jitter of the ring oscillator, which has a 

slope of 0.5 when the jitter is dominated by phase noise in the 1/f 2 region, but 
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starts to deteriorate after a time τ1/f as it becomes dominated by 1/f noise (phase 

noise with 1/f3 dependence) and assumes a slope of 1 (McNeill 1997, Hajimiri & 

Lee 1999, Liu & McNeill 2003, Liu & McNeill 2004). The σq in Fig. 10 a) shows 

the rms quantization jitter level of a TDC, which is equal to the LSB/√(6) 

(Hewlett Packard). As the cumulative jitter and quantization jitter are uncorrelated 

noise sources, the total standard deviation in the single-shot precision of the TDC 

(σs-s in Fig. 10 b)) can be determined as a function of time as 

 22
τσσσ +=− qss . (9) 

 As can be seen in Fig. 10 b) in relation to (9), the single-shot precision is 

degraded by the cumulative jitter when measuring longer time intervals than τno. 

Fig. 10. a) Rms quantization jitter level (σq) and cumulative jitter of a free-running ring 

oscillator (στ) and b) standard deviation in the single-shot precision of a ring 

oscillator-based TDC (σs-s). 

From an application point of view the single-shot precision of the TDC should not 

be allowed to be degraded by the cumulative jitter of the ring oscillator by more 

than the desired precision over the input range of the laser rangefinder. Starting 

out from this observation, the maximum permitted cumulative jitter of the ring 

oscillator στ at the maximum input range can be solved from (9), after which the 

maximum rms cycle jitter of the ring oscillator can be obtained from (10) as 

 
N

cyclerms
τσσ =−  , (10) 

where N is the number of periods of the ring oscillator in the maximum input 

range (input range/period of oscillator). For example, to achieve a single-shot 

precision standard deviation better than 30 ps over an input range of 70 ns using a 
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ring oscillator-based TDC having an rms quantization jitter level of 10 ps, the 

cumulative jitter of the ring oscillator has to be less than 28 ps at 70 ns (στ solved 

by (9)). Hence, according to (10), a ring oscillator having a period of 1 ns 

(N = 70), for example, should have an rms cycle jitter less than 3.4 ps. 

The jitter of the ring oscillator is caused by various noise sources, including 

device noise, supply voltage and substrate noise. The supply and substrate noise 

can be large in integrated circuits consisting of digital logic blocks, which would 

encourage one to use fully differential ring oscillators because of their 

insensitivity to such noise. However, the use of CMOS processes in this work and 

the lack of the full CMOS logic swing of fully differential ring oscillators 

encouraged us to study whether it would be possible to achieve adequate jitter 

performance using simple CMOS inverter-based ring oscillators. In addition, the 

use of an on-chip voltage reference-locked loop means that the jitter in both types 

of ring oscillator would be degraded considerably by the noise of the reference 

voltage, as is explained in more detail in the next section.  

3.5 Jitter and phase noise characteristics of an on-chip voltage 
reference-locked ring oscillator 

As was explained in the previous section, the single-shot precision of the TDC is 

affected by the cumulative jitter of the ring oscillator. Jitter corresponds to the 

phase noise in the time domain. In order to evaluate the phase noise and jitter of 

the voltage reference-locked ring oscillator, potential noise sources have to be 

identified and their transfer characteristics analysed in the locked loop. Phase-

locked loops and their phase noise and jitter characteristics have been analysed 

previously by McNeill (1997) and Hajimiri & Lee (1999). The jitter and phase 

noise characteristics of the on-chip voltage reference-locked loop used in this 

work are presented in detail in Papers V and IX, and a short overview is given 

here. 

The potential noise sources of the on-chip voltage reference-locked ring 

oscillator, as presented in Fig. 11, are the phase noise of the ring oscillator itself 

(ωnoise, in the frequency domain, because of the type of input of the FVC (Kf)), the 

noise of the reference voltage (Vno_ref) and the noise of the frequency-to-voltage 

converter (Vno_fvc). The noise powers of the reference voltage and the FVC can be 

summed and assumed to constitute one noise source at the input Vref to the 

difference amplifier, given that these noise sources are assumed to be 

uncorrelated. As mentioned before, the reference current is used to generate the 
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reference voltage and to set the gain of the FVC, so that there is some correlation 

between the noise of the reference voltage and the noise of the FVC. The phase 

noise and jitter of the locked loop are not dominated by this correlated noise, 

however, because of its common mode behaviour at both inputs to the difference 

amplifier. For this reason only the effect of the uncorrelated noise sources on the 

phase noise and jitter of the locked loop were analysed in this work. 

Fig. 11. Sources of noise in the VRLO. 

The closed-loop transfer function of the voltage reference-locked loop 

(fosc(s)/Vref(s)) was expressed in (3), which yields a low-pass response. This 

means that the phase noise and jitter of the locked ring oscillator is affected by the 

noise of the reference voltage inside the loop bandwidth. The phase noise power 

spectra of the output of the locked loop brought about by the noise of the 

reference voltage can be approximated by multiplying the squared closed-loop 

transfer function of the locked loop (5) by 1/s2 (φosc = ωosc/s). Note that the white 

noise of the reference voltage is converted by the integration effect of the 

oscillator to the phase noise of the output of the oscillator, in the same manner as 

the phase noise of a voltage-controlled oscillator controlled by a voltage 

consisting of white noise. At the same time the closed-loop noise transfer function 

from the point ωosc back to the same point (ωnoise in Fig. 11) yields a high-pass 

response, which means that the phase noise of the open loop ring oscillator above 

the loop bandwidth is seen directly at the output of the locked loop. In other 

words, the noise below the loop bandwidth inside the loop can be compensated 

for by a feedback loop. To minimize the phase noise and jitter of the locked loop 

the effect of the dominant noise source, which can be assumed to be the noise of 
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the on-chip reference voltage, has to be minimized. This can be done by using as 

low a loop bandwidth as possible. 

To make the phase noise and jitter characteristics of the voltage reference-

locked loop clear, the phase noise power spectrum and cumulative jitter of the on-

chip voltage reference-locked loop with a low noise reference voltage (the noise 

of the reference voltage is not dominant over the noise of the open loop ring 

oscillator) are presented in Fig. 12 a) and b), respectively, together with the 

variation in the loop bandwidth (shown by the dotted line in Fig. 12). The noise 

sources are assumed to be white noise. The phase noise of the locked loop is 

dominated by that of the free-running ring oscillator, having a slope of 1/ω2 at 

offset frequencies clearly above the loop bandwidths (ωloop in Fig. 12 a)), as 

explained in the paragraph above. At offset frequencies below the loop bandwidth 

the phase noise of the locked loop is saturated to a constant level until it is again 

increased by a slope of 1/ω2 as the noise of the reference voltage starts to 

dominate. As can be seen in Fig. 12 a), the higher the loop bandwidth is the less is 

the phase noise of the voltage reference-locked ring oscillator with a low-noise 

reference voltage. In the time domain this means that the cumulative jitter of the 

locked loop is increased by a slope of 0.5 until it becomes saturated after the loop 

time constant (τloop in Fig. 12 b)) and is again increased by a slope of 0.5 when the 

noise of the reference voltage starts to dominate. 

Fig. 12. a) Phase noise and b) cumulative jitter of the locked loop with a low noise 

reference at different loop bandwidths. 

The manner in which the phase noise power spectrum a) and cumulative jitter b) 

of the on-chip voltage reference-locked loop with a high noise reference voltage 

are affected by the variation of the loop-bandwidth is shown in Fig. 13. Now the 

phase noise power spectrum of the locked loop does not have the flat region at 

offset frequencies below the loop bandwidth, because the phase noise of the 
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locked loop brought about by the noise of the reference voltage is higher than that 

of a free-running ring oscillator. Hence the phase noise of the locked loop is 

dominated by the noise of the reference voltage at offset frequencies from 0 to the 

point where the noise of the reference voltage is attenuated by the low-pass 

transfer function below the phase noise of the free-running ring oscillator. In this 

case the best phase noise performance of the locked loop is achieved by using the 

lowest possible loop bandwidth. In the time domain, the cumulative jitter of the 

locked loop is increased with a slope of 0.5 starting from 0, in the same way as 

the jitter of a free-running ring oscillator. After the noise of the reference voltage 

starts to dominate, the slope of the cumulative jitter of the locked loop increases, 

but the jitter is again increased only by a slope of 0.5 for time intervals longer 

than the loop time constant. In other words, starting from infinity, the cumulative 

jitter of the locked loop is dominated by the jitter caused by the high noise of the 

reference voltage until this jitter is attenuated by the loop time constant to the 

jitter level of the free-running ring oscillator as time decreases. From this point to 

zero the cumulative jitter of the locked loop is dominated by that of the free-

running ring oscillator. The importance of Fig. 12 and 13 is that they show how 

the expected jitter (y-axis) behaves as a function of the measured time interval (x-

axis) in different noise environments. 

Fig. 13. a) Phase noise and b) cumulative jitter of a locked loop with a high noise 

reference at different loop bandwidths.  



 48

 



 49

4 TDC implementations 

Three integrated receivers consisting of a TDC and a receiver channel for a pulsed 

time-of-flight laser rangefinder were fabricated in 0.35 μm, 0.18 μm and 0.13 μm 

CMOS processes in the course of the present work. This thesis covers only these 

TDCs as parts of the whole receiver. They were all based on full swing ring 

oscillators and two stabilization methods, the calibration method and the on-chip 

voltage reference-locked loop. These TDCs will be presented in more detail in 

this chapter.  

The TDC based on an on-chip voltage reference-locked ring oscillator 

fabricated in a 0.18 μm CMOS process and its measurement results are presented 

in Section 4.1. This TDC is introduced in detail in Papers IV and VI, where Paper 

IV presents its structure and some preliminary measurement results and Paper VI 

its detailed operation and further results. The idea of using an on-chip voltage 

reference-locked ring oscillator as the heart of a TDC is presented together with 

some simulation results in Paper III. In addition, the current-voltage reference 

circuit used in the locked loop is presented in Paper II and the jitter and phase 

noise characteristics of the on-chip voltage reference-locked ring oscillator in 

Papers V and IX.  

Section 4.2 introduces TDCs based on a free-running ring oscillator and 

presents some measurement results. The structures of the 0.35 μm CMOS TDC is 

covered, together with measurement results, in Paper I, a TDC fabricated in a 

0.13 μm CMOS process is introduced with results in Papers VII and VIII, the 

structure of the whole receiver and some measurement results are presented in 

Paper VIII.  

4.1 A 0.18 μm CMOS TDC based on an on-chip voltage reference-
locked ring oscillator with timing signal interpolators 

The on-chip voltage reference-locked ring oscillator-based TDC was integrated 

with a linear receiver channel on the same die. The main systematic error in the 

whole receiver, the walk error of the receiver channel, was minimized by using 

uni-to-bipolar conversion in the receiver channel. Unfortunately, no 

measurements could be performed on the receiver as a whole because of a design 

error in the receiver channel, but it is clear that this kind of structure makes it 

possible to fabricate an integrated receiver without any off-chip reference 

oscillator, increasing the integration level of the whole pulsed TOF laser 
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rangefinder device. This structure cannot compete with structures based on an 

external reference as far as accuracy is concerned, but industrial proximity 

switch-type distance measurement applications, for example, can benefit from the 

minimization of power and the number of components.  

4.1.1 Architecture of the TDC 

A simplified block diagram of the on-chip voltage reference-locked ring 

oscillator-based TDC is shown in Fig. 14. At its heart is a voltage reference-

locked ring oscillator (VRLO), as presented in Fig. 7 above, which provides a 

stable operation frequency for the TDC. The TDC operates by counting the full 

clock cycles of the ring oscillator elapsing between the start and stop signals 

(START and STOP) by means of a counter (CTR) and storing the state of the 12 

phases of the ring oscillator for each of the original timing signals and the delayed 

timing signals (STARTτ2 and STOPτ2), in order to determine the occurrences of 

the timing signals within the clock cycle. Asynchronous start and stop timing 

signals were synchronized by means of a double synchronous scheme (SYNC) 

with two opposite phases of the ring oscillator (clk and clkn) (Mäntyniemi et al. 

1997, Mäntyniemi 2004: 30–35). Measurements were recorded from a 5-bit bus 

controlled by the logic circuit (READ I/O CTRL) and a 3-bit address word 

(ADDR). A detailed timing diagram of its operation is presented in Paper VI. 

The time difference between the adjacent phases of the ring oscillator (τ1) is 

derived by dividing the period of the ring oscillator (Tosc) by the number of its 

phases (12 in this case). The resolution of this TDC was further improved by 

using timing signal interpolator buffers (buτ2), giving a resolution (LSB) for the 

TDC of τ2 (τ2 = τ1/2). As mentioned before, the frequency of the ring oscillator, 

and hence τ1, was stabilized by means of the voltage reference-locked loop. In 

this case the gain error caused by the temperature dependence of the propagation 

delay in the element of the ring oscillator can be avoided. The timing signal 

interpolator buffers also have some temperature dependence, but this was 

minimized by using the control voltage of the voltage reference-locked loop (VC) 

to adjust that of the timing signal interpolator buffers. 
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Fig. 14. Simplified block diagram of the TDC. 

Voltage-controlled ring oscillator 

The voltage-controlled ring oscillator used in the VRLO consists of six 

differential inverters based on four basic CMOS inverters, producing 12 phases 

inside one clock cycle. The frequency of the ring oscillator is adjusted by 

controlling the supply voltage of its inverters. This means that a compact structure 

and the highest possible frequency of the technology used can be achieved, 

because no extra controlling transistors (such as a current-starved inverter) are 

needed. A full logic swing is achieved by means of output buffers, which are 

needed in any case to minimize the loading effect of the storing registers. This 

voltage-controlled ring oscillator is presented in detail in Papers III, IV and VI. 

Timing signal interpolator 

Timing signal interpolators (buτ2 in Fig. 14) were used to achieve a two-fold 

improvement in the resolution of the TDC. This was done by using larger CMOS 

inverters in the timing signal interpolators than in the ring oscillator. With this 

arrangement the power is consumed by the larger CMOS inverters only upon the 
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arrival of the timing signals and not continuously as would have happened if the 

larger inverters had been used in the ring oscillator.  

The delay in the timing signal interpolators was set simply by using post-

layout simulations at different corner points, and the temperature dependence was 

minimized by using the control voltage of the ring oscillator to adjust the current-

starving inverters in the timing signal interpolator buffers. No supply voltage 

control was used here because large peak currents would be fed in from the 

supply voltage at the moments when timing signals arrived, causing a large 

amount of crosstalk in the ring oscillator. The timing signal interpolator is 

presented in detail in Paper VI. 

Current-voltage reference circuit 

A current-voltage reference circuit was designed for use in the voltage reference-

locked ring oscillator. A stable current was generated using a current reference 

circuit based on that of Chen & Shi (2003), except that MOS-transistor diodes in 

weak inversion were used here instead of bipolar transistors. 

The reference voltage was generated by driving the reference current through 

a diode-connected PMOS-transistor (in weak inversion) having a negative 

temperature coefficient and a resistor with a positive temperature coefficient. The 

temperature dependence of the reference voltage could be controlled by adjusting 

the strengths of the dependences of the PMOS-transistor and the resistor by 

means of changes in the absolute value of the reference current used in reference 

voltage generation. This was controlled with binary-scaled current mirrors. In 

addition, a resistive voltage division was used to reduce the level of the reference 

voltage, because of the low supply voltage process and the common mode input 

range of the difference amplifier (Lasanen et al. 2002). This current-voltage 

reference circuit is presented in detail in Paper II and also in Papers III, IV and 

VI. 

4.1.2 Layout of the TDC 

A photograph of the layout of the whole receiver of a pulsed time-of-flight laser 

rangefinder fabricated in STMicroelectronics 0.18 μm CMOS technology is 

shown in Fig. 15. The on-chip voltage reference-based TDC and the two receiver 

channels are marked in the photograph. The sizes of the whole layout including 

I/O pads and of the TDC are 2.8 mm x 2.8 mm and 532 μm x 800 μm, 
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respectively. 20 I/O pads out of 52 were used for the TDC, including two separate 

supply voltages of 1.8 V for the analogue and digital parts. 

Fig. 15. Photograph of the layout of the whole receiver. 

4.1.3 Measurements 

Measurements were conducted with the TDC in a JLCC-52-package mounted on 

a test printed circuit board consisting of some buffers, level shifters and filtering 

capacitances. The measurements were controlled through a PCI -connection by 

means of a laptop. At first one of TDC chips was programmed to achieve the best 
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possible temperature stability by means of temperature drift measurements in a 

heating chamber. The same programming information was then used for all four 

TDC chips tested. Several measurements were made after programming. 

The operation of the TDC was tested over a temperature range of 0°C - 70°C 

and a supply voltage range of 1.5 V – 1.8 V. The frequency of the ring oscillator 

was approximately 683 MHz. The worst case performance of the four TDC chips 

with a 1.8 V supply voltage at room temperature is presented in Table 1. The 

nonlinearity of the interpolator, standard deviation in the single-shot precision, 

linearity error and supply voltage and temperature dependences are presented in 

more detail in Paper VI. The effect of the reference noise on the single-shot 

precision of the TDC is presented in more detail in Papers V and IX, and the 

combined accuracy and precision measurement results are explained in the next 

paragraph. 

Table 1. Performance characteristics of the TDC. 

Parameter Value 

Technology 0.18 μm CMOS 

Layout area, TDC core 532 μm x 800 μm 

Supply voltage 1.8 V 

Power consumption 18 mW 

LSB resolution 61 ps (9 mm) 

Input range 80 ns (12 m) 

Single-shot precision 46 ps1 

Linearity error 0 – 40 ns ± 38 ps2 

Linearity error 40 ns – 80 ns ± 12 ps2 

Temperature dependence 0°C - 40°C 90 ppm/°C1 

Supply voltage dependence 6%/V 
1measuring 80 ns, 2at 30°C 

The accuracy of the TDC was tested by measuring constant time intervals from 0 

to 82 ns. 10 000 measurements were averaged at each input time. These averaged 

results were compared with those obtained with a calibrated TDC. The single-shot 

precision of the TDC was tested by measuring constant time intervals over the 

same input range as in the accuracy measurements. One timing pulse was split by 

a power splitter and the stop pulse was delayed by an adjustable coaxial delay unit 

to achieve jitter-free timing marks. The standard deviation (σ) of 10 000 

measurement results was calculated at each input time. The accuracy and ±σ 

values are shown as a function of input time at 20°C in Fig. 16, where the black 
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curve corresponds to the error in the averaged results and the grey curves show 

the ±σ deviations. 

Fig. 16. Accuracy (black curve) with ± σ deviation (grey curves). 

4.2 0.35 μm and 0.13 μm CMOS TDCs based on a free-running 
multiphase ring oscillator 

Two time-to-digital converters based on a free-running ring oscillator were 

designed in this work, one fabricated in an Austria Micro Systeme 0.35 μm 

CMOS process and the other in an STMicroelctronics 0.13 μm CMOS process. 

The receiver channels (preamplifier, postamplifier and timing comparator) were 

fabricated on the same die with the TDCs. This simple structure allows the ring 

oscillator to operate at its maximum frequency for the technology used, resulting 

in the best possible resolution for the TDC. The resolution can be further 

improved by means of timing signal interpolators.  

The architecture of the TDC fabricated in the 0.13 μm CMOS process is 

presented in Section 4.2.1. That of the 0.35 μm CMOS TDC is not presented 

separately in this thesis because of its similarity to the 0.13 μm CMOS TDC, but 

it is presented in more detail in Paper I and was in fact the first version in which 

the co-existence of a TDC and a receiver channel was demonstrated for a single 

die (Nissinen J et al. 2004). To keep the structure simple, this 0.35 μm CMOS 
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TDC did not have timing signal interpolators or a third timing channel. In fact the 

latter was not needed, because the walk-error compensation method used was 

based on amplitude measurement. In addition, the 0.35 μm CMOS TDC has a 

different type of ring oscillator from the 0.13 μm CMOS TDC. The layouts of 

these two TDCs are presented in Section 4.2.2 and the results of measurements 

performed with the 0.13 μm and 0.35 μm CMOS TDCs in Section 4.2.3. The 

measurement results regarding the accuracy of the pulsed TOF laser rangefinder 

using the 0.13 μm CMOS integrated receiver are presented in Section 4.2.4. 

4.2.1 Architecture of the 0.13 μm CMOS TDC 

The TDC was fabricated with a differential receiver channel on the same die. The 

block diagram of the whole receiver with I/O pads (excluding supply voltage and 

ground pads) is shown in Fig. 17 a) in order to illustrate the co-operation between 

the receiver channel and the TDC. The TDC has one start channel and two stop 

channels (START, STOP and STOPtr in Fig. 17 a). The start signal is generated 

by the laser diode transmitter and driven through the I/O pad START to the TDC, 

while the two stop signals can be generated either externally or by the receiver 

channel and the two timing comparators (COMP1 and COMP2 in Fig. 17 a)). The 

operation mode can be selected by the programmable serial-in-parallel-out 

register (SIPO in Fig. 17 a)). Thus the TDC can also be used separately without 

the receiver channel. The threshold values of the comparators can be chosen by 

the digital-to-analogue converters (DAC1 and DAC2 in Fig. 17 a)), which are 

programmed by the SIPO. COMP1 gives the actual stop signal for the TDC 

(STOP in Fig. 17 a)) and COMP2, with a higher threshold value, the second stop 

(STOPtr in Fig. 17 a)). The time difference between START and STOP 

corresponds to the flight time of the laser pulse, and the time difference between 

the two stop signals (STOP and STOPtr) gives the slew-rate of the received pulse. 

A serial-in-parallel-out register is also used to choose the bias structure (on-chip 

or off-chip) and to control various switches so that the bandwidth of the receiver 

front-end can be measured, for example. 

Walk error generation in the receiver channel and the walk error 

compensation method when two signal amplitudes are detected by the receiver 

upon measuring the same distance are depicted in Fig. 17 b). The amplitude of the 

received light pulse can vary, due to changes in the reflectance of the target, for 

example, causing a walk error. The comparator with a threshold value of Vth1 

(COMP1 in Fig. 17 a)) generates the timing signals STOP(1) and STOP(2) 
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corresponding to the signal amplitudes at the output of the postamplifiers 

AOUT(1) and AOUT(2), respectively, as shown in Fig. 17 b). The time difference 

between these stop signals is called the walk error. Compensation for this walk 

error is based on measuring the slew-rate of the received light pulse, which is 

proportional to the amplitude of the pulse, as shown in Fig. 17 b). The comparator 

with a threshold value of Vth2 generates the timing signals STOPtr(1) and 

STOPtr(2). The larger the signal amplitude is, the smaller is the time difference 

between STOP and STOPtr. The actual distance measurement (INPUT TIME in 

Fig. 17 b)) can be compensated for by means of this slew-rate measurement (the 

time difference between STOP and STOPtr) and measured predetermined look-up 

table of walk error versus slew-rate. The operation of the whole receiver and 

results of measurements performed with it are presented in more detail in Paper 

IX. 

A simplified block diagram of the free-running ring oscillator-based TDC is 

shown in Fig. 18. This TDC is presented in detail in Papers VIII and IX and an 

overview will be given here. The timing channels START, STOP and STOPtr 

correspond to the similarly labelled nodes in Fig. 17. Two counters are enabled by 

the START timing signal and are stopped by the stop signals STOP and STOPtr. 

In addition, all the timing signals are delayed by the parallel scaled timing signal 

interpolators (start inter and stop inter in Fig. 18 and stoptr inter not shown in Fig. 

18), constructing four timing signals each. These timing signals store the states of 

the 16 phases of the ring oscillator in registers (4*START REGISTERS and 

4*STOP REGISTERS) to determine the positions of the timing signals within the 

clock period. The overall interpolation ratio is thus 16*4 = 64. The results of the 

counters and interpolators are recorded through a 6-bit bus. 

As the 16-phase ring oscillator is not locked to any reference signal, the 

frequency of the ring oscillator has strong temperature and supply voltage 

dependences. These can be compensated for, however, by using a calibration 

counter (CAL_CTR), which produces an accurate time base for the TDC to 

determine the frequency of the ring oscillator, as explained in Section 3.3.2 

above. This is done before the actual time interval measurement in a laser 

rangefinding application. 

The temperature and supply voltage dependences of the timing signal 

interpolators have to be locked to the period of the ring oscillator. This is done by 

using a replica delay line, which is locked to a time interval of eight LSBs of the 

TDC (Φ14–Φ16) by means of a delay-locked loop (DLL) (Mäntyniemi 2004: 57–

59). The control voltage of the replica delay line is also used to adjust that of the 
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timing signal interpolators, consisting of identical delay elements to those in the 

replica delay line. The timing signal interpolator and the DLL are explained in 

more detail in the next two sections. 

Fig. 17. a) Block diagram of the integrated receiver with I/O pads and timing principle 

diagram for the walk error compensation. 
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Fig. 18. Block diagram of the free-running ring oscillator-based TDC. 

Parallel scaled timing signal interpolator 

The parallel scaled timing signal interpolator is based on a structure presented by 

Mäntyniemi (2004: 49–55) and is also explained briefly in Papers VII and VIII. A 

combined block and timing diagram is shown in Fig. 19. The timing signal 

interpolator consists of four voltage-controlled buffers scaled by different loading 

capacitors (n*C in Fig. 19, where n is a loading factor indicated inside each 

buffer). The total delay in a buffer is the sum of the basic delay τb and a scaled 

delay n*τ2. The delay can be adjusted by controlling a current-starved transistor 

by means of the control voltage Vc. Even if the absolute delay in each parallel 

buffer is larger than the basic gate delay, the delay between adjacent elements (τ2 

in Fig. 19) can be adjusted to be less than the gate delay. This delay τ2 (τ2 = LSB 

of the TDC) can be locked by a delay-locked loop to a given fraction of the 

frequency of the ring oscillator, as explained in the next section.  
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Fig. 19. Block and timing diagram of the parallel scaled timing signal interpolator. 

Delay-locked loop for locking the timing signal interpolator 

The block and timing diagrams of the DLL are shown in Fig. 20. The time 

difference between the input signals of the DLL was chosen to be two LSBs of 

the ring oscillator (phases Φ14 and Φ16) instead of the time difference of 

adjacent phases, in order to minimize the mismatch in the delay cells of the ring 

oscillator. To make the time difference between the propagation delays of these 

two branches equal to two LSBs of the ring oscillator, the scaling factor 

difference between the branches must be eight, in order to lock the LSB of the 

TDC (τ2) to a quarter of the LSB of the ring oscillator. The scaling factors of the 

capacitors were chosen to be 1 and 5 and two cascade elements were used to 

achieve the scaling difference of eight, as shown in Fig. 20. In that case the total 

delay in the replica delay lines can be kept short and the replica delay lines will 

have almost the same elements as the actual timing signal interpolators, resulting 

in the best possible matching. When the system is locked (the phases dΦ14 and 

dΦ16 arrive at the same time), the propagation delay in phase Φ14 of the delay 

line has to be 8 times τ2 longer than that in phase Φ16. As shown in Fig. 19, the 

total delay in the voltage-controlled buffer is the sum of the basic delay (τb) and 

the scaled delay (n*τ2). Using the structure shown in Fig. 20, the difference 

between the propagation delays of two branches is 8*τ2, in which case the LSB of 

the TDC (τ2) is a quarter of the time difference between adjacent phases of the 

ring oscillator. The same control voltage is then used to adjust the delays in the 

original timing signal interpolators. 
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Fig. 20.  Block and timing diagram of the DLL.  

4.2.2 Layouts of free-running ring oscillator-based TDCs  

Photographs of the layouts of the 0.13 μm and 0.35 μm receivers for a pulsed 

time-of-flight laser rangefinder are shown in Fig. 21 and Fig. 22, respectively. 

The TDCs and receiver channels are marked in the photographs. The sizes of the 

layouts of the whole receivers, including I/O pads and TDC cores, are presented 

in Table 2. The sizes of the TDC cores are almost same even though different line 

width processes are used. This can be explained by the additional timing channel 

and four additional timing signals in each of them in the 0.13 μm CMOS TDC. 

These additional timing signals increase the area of the registers used to store the 

state of the phases of the ring oscillator. As can be seen in Fig. 21, the ratio of the 

area of the registers to the area of the ring oscillator is larger than that shown in 

Fig 22 (Registers and OSC in Fig. 21 and 22). 

The 0.13 μm and 0.35 μm CMOS receivers were packaged into a VFQFPN-

52 and a JLCC-44 package, respectively. 28 I/O pads out of 52 were used for the 

0.13 μm CMOS TDC, including four separate supply voltages of 1.2 V for the 

DLL, the digital parts, the ring oscillator and the digital pad ring. 
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Correspondingly, 21 I/O pads out of 44 were used for the 0.35 μm CMOS TDC, 

including three separate supply voltages of 3 V for the digital parts, the ring 

oscillator and the digital pad ring. 

Fig. 21.  Photograph of the 0.13 μm CMOS receiver. 
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Fig. 22. Photograph of the 0.35 μm CMOS receiver. 

Table 2. Sizes of the layouts. 

Process Whole area including pads TDC core area 

0.13 μm CMOS 1.3 mm ⋅ 1.3 mm 400 μm ⋅ 400 μm 

0.35 μm CMOS 1.8 mm ⋅ 1.8 mm 410 μm ⋅ 630 μm 
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4.2.3 Results of measurements performed with the free-running ring 
oscillator-based TDCs 

The measurements were carried out with the TDCs in their packages mounted in a 

test printed circuit board consisting of some buffers, level shifters and filtering 

capacitances in addition to the TDC circuits. The measurements were controlled 

by means of a laptop through a PCI connection. The TDCs were tested both 

separately and together with the receiver channels, but this thesis covers mainly 

the measurements performed on the TDCs alone.  

The operation of the TDCs was tested over a temperature range of -10°C–

70°C. The nominal frequency of the ring oscillator alternated from 1.0 GHz to 1.2 

GHz between five 0.13 μm CMOS TDC chips and was approximately 400 MHz 

in the 0.35 μm CMOS TDC. The worst-case performances of both TDCs at room 

temperature are presented in Table 3. The standard deviation of the single-shot 

precision is given at an input time of 100 ns because the desired measurement 

range of 10 m–15 m corresponds to 70 ns–100 ns. The single-shot precision of the 

0.35 μm CMOS TDC is approximately 80 ps almost over the whole input range. 

The maximum input range of the 0.13 μm CMOS TDC is limited to 

approximately 400 ns by the cumulative jitter of the free-running ring oscillator, 

which degrades the standard deviation of the single-shot precision to 

approximately 50 ps. The nonlinearity of the interpolator, single-shot precision, 

linearity error and supply voltage and temperature dependences are explained in 

more detail in Papers VII, VIII and I, and the crosstalk measurements for the 

second stop channel in the 0.13 μm CMOS TDC are explained in Paper VII.  

Table 3. Performance characteristics of the TDCs. 

Parameter 0.13 μm CMOS TDC 0.35 μm CMOS TDC 

Supply voltage 1.2 V 3.0 V 

Power consumption 16 mW 72 mW 

LSB resolution 16 ps 156 ps 

Input range 400 ns 985 ns 

Single-shot precision @100ns  <16 ps <80 ps 

Linearity error without crosstalk ±8 ps1 ±16 ps2 

Linearity error with crosstalk ±16 ps3 ±37 ps 4 

Residual temperature dependence 0.27 ps/°C 0.24 ps/°C 
15 ns – 400 ns, 225 ns – 965 ns, 30.8 ns – 5 ns, 40.6 ns – 25 ns 
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In addition to the measurement results presented in the papers listed above, the 

results for the precision of the TDC over the input range 0–400 ns and the effects 

of the calibration on the accuracy, precision and temperature dependence of the 

TDC are presented for the 0.13 μm CMOS TDC in the next paragraphs. These 

additional results have not been published previously. 

The single-shot precision of the TDC was tested by measuring constant time 

intervals over the input range from 0 to 100 ns. One timing pulse was split into 

two branches with a power splitter and the stop pulse was delayed by an 

adjustable coaxial delay unit to achieve jitter-free timing marks. Standard 

deviations (σ) of 10 000 measurements were calculated at each input time interval 

using the LSB measured before each input time interval as a result of the average 

of 10 000 calibration measurements. Time intervals over 100 ns cannot easily be 

generated because of losses in the adjustable coaxial delay unit, and hence the 

input range was increased to 400 ns by measuring the time intervals generated by 

the calibration counter used for the temperature compensation (CAL_CTR in Fig. 

18). In that case the input time interval was swept by adjusting the period of a 

low-jitter signal generator to achieve an input range from 100 ns to 400 ns (REF 

in Fig. 18). The standard deviation of the single-shot precision as a function of the 

measured input time interval at room temperature for one TDC chip having an 

LSB resolution of 15.9 ps is shown in Fig. 23. As can be seen, the standard 

deviation is negatively affected by the cumulative jitter of the ring oscillator, 

although a better than cm-level value (67 ps) is achieved over the whole input 

range of 0–400 ns. Moreover, the cumulative jitter starts to deteriorate after 

approximately 100 ns on account of the 1/f-type noise. The slope of the 

cumulative jitter is increased to approximately 0.84 between the 200 ns and 400 

ns points on the logarithmic scale, so that the jitter is not yet totally dominated by 

1/f-type noise (which has a slope of 1). 
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Fig. 23. Standard deviation of the single-shot precision from 0 to 400 ns. 

As mentioned above, constant LSB was used to calculate the standard deviations 

of the measurement results (the constant LSB calibration method, or CLC 

method), but because of the free-running ring oscillator-based TDC, the 

frequency drifts between 10 000 measurements led to further deterioration in the 

precision of the TDC. To achieve better precision and accuracy, an actual LSB 

calibration method (ALC method) can be used, in which one calibration 

measurement is made before each time interval measurement. In that case, the 

LSB resolution determined for each time interval measurement is closer to the 

real value. The principles of these two calibration methods are shown in Fig. 24 a) 

CLC method and b) ALC method, where the moments of the calibration and 

actual measurements are indicated by distinct markers. To determine the standard 

deviation of the single-shot precision of a TDC measuring a constant time interval 

by the CLC method, for example, the LSB of the TDC is derived from the 

average result of ten calibration measurements, as in Fig. 24 a). That LSB value is 

then used to calculate the standard deviation of 10 actual measurements. In the 

ALC method one calibration measurement is made to determine the LSB value 

and value is used to calculate the result of the next actual time interval measured 

by the TDC, as in Fig. 24 b). The standard deviation is calculated after ten 

calibrations and measurements. Note also that the ALC method incorporates the 

imprecision of the calibration measurement and the actual measurements, while 
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the CLC method incorporates only the imprecision of the actual measurement, 

because the average value of the LSB is used. 

Fig. 24. Principles of a) the constant LSB calibration method (CLC method) and b) the 

actual LSB calibration method (ALC method). 

To determine the advantage of the ALC method over the CLC method floating 

averages of 100 measurements of 10 000 made were calculated using both 

methods, as shown in Fig 25 a) and b), respectively. With the CLC method the 

10 000 calibration measurements were averaged to calculate the LSB value, 

which was in turn used to calculate the floating averages of 100 measurements for 

the next set of 10 000, as shown in Fig. 25 a), while with the ALC method one 

calibration measurement was used to calculate an LSB value, which was then 

used to calculate only the result for the next actual measurement. Finally, 100 

pairs of these were averaged to calculate the floating averages of 10 000 pairs, as 

shown in Fig. 25 b).  

The floating averages obtained by a) the ALC method and b) the CLC 

method are shown in Fig. 26. The input time interval in this test was 

approximately 75 ns. In the case of random errors with a Gausian distribution, the 

standard deviation can be improved by averaging and the improvement is 

proportional to the square root of the number of averaged results (Hewlett 

Packard). This means that the standard deviation of these averaged results in Fig. 
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26 b) should be 1.5 ps (15 ps / √100, where 15 ps is the standard deviation of the 

TDC when measuring a time interval of 75 ns) and almost all the results should 

be between ± 4.5 ps (±3σ) in the case of random noise. That is not the case in Fig. 

26 b), however, where the variation in the results is ± 11 ps. As can be seen in Fig. 

26 a), the variation in the averaged results can be reduced to approximately ± 4 ps 

by using the ALC method. 

The single-shot precision of the TDC was also tested by the ALC method 

over an input range of 0–100 ns (0–15 m) to see the improvement in precision 

obtained by compared with the CLC method. The standard deviation of 10 000 

measurement results was calculated at each input time interval. These standard 

deviations represent the imprecision of the calibration and the actual time interval 

measurements. The standard deviation of the single-shot precision of the TDC 

obtained using the ALC method over an input range of 0–100 ns is shown in Fig. 

27 a) and that obtained using the CLC method in Fig. 27 b). Comparison of the 

two shows that the single-shot precision is improved by using the ALC method, 

and that a greater improvement is achieved when measuring longer time intervals, 

as the low frequency noise and the imprecision of the calibration measurement 

start to dominate in curve b). A better than cm-level (67 ps) single-shot precision 

(±3σ < 60 ps) is achieved over the input range of 0–100 ns in both cases. 

Fig. 25. Principle of the floating averages calculation performed using a) the CLC 

method and b) the ALC method. 
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Fig. 26. Floating averages of 100 out of the total of 10 000 results performed using a) 

the ALC method and b) the CLC method. 

Fig. 27. Standard deviation of the single-shot precision of a TDC obtained using a) the 

ALC method and b) the CLC method over an input range of 0–100 ns.  
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The accuracy of the TDC was also tested over an input range of 0–400 ns using 

both calibration methods. The input range was expanded in this way in order to 

test the deterioration in accuracy when using the CLC method. 10 000 

measurements were averaged at each input time and the results compared to those 

of another TDC calibrated earlier. The accuracies of the TDC achieved using both 

a) the ALC method and b) the CLC method are shown in Fig. 28. As seen in Fig 

28 b), the deterioration increases as a function of the measured input time, but is 

tolerable (±8 ps) over the desired input range of 100 ns. 

Fig. 28. Accuracy of the TDC over a range from 0 to 400 ns obtained using a) actual 

LSB resolution and b) constant LSB resolution for each time interval measurement. 

As could be seen in Figs. 27 and 28, the performance of the TDC using the CLC 

method is not degraded too much when operating over an input range of 

approximately 100 ns. The advantage of using the CLC method is that the 

processor is only needed to update the LSB value once in a while and not before 

every time interval measurement as in the ALC method. Thus, the actual time 

interval measurements could be performed at a higher measurement rate. 

The LSB of the TDC may change during a long sequence of time interval 

measurements if the temperature changes rapidly, because of the temperature 

dependence of the free-running ring oscillator. In that case, the result achieved by 

the TDC will deteriorate on account of temperature variation if the calibration rate 



 71

of the CLC method is too low to keep the LSB value adequately accurate. To 

approximate the number of input time interval measurements which could be 

performed before calibration is needed, the sensitivity of the TDC to rapid 

temperature change was determined. 

 At first the temperature drift of the TDC was measured over the temperature 

range from -10°C to 70°C to see how large a temperature variation can be allowed 

while keeping the accuracy within one LSB over an input range of approximately 

75 ns. As shown in Fig. 29, the temperature drift of the TDC gives a linear drift of 

815 ppm/°C. Thus, an error of magnitude of one LSB (15.9 ps) is caused by the 

temperature variation of 0.26°C when measuring 75 ns (15.9 ps = 815 

ppm/°C*0.26°C*75 ns). 

Fig. 29. Temperature drift in the TDC without calibration.  

The error in the result of the TDC measurement caused by temperature change 

was tested by lowering the temperature rapidly using a cold spray while the TDC 

was measuring a constant time interval of approximately 75 ns without calibration 

during the temperature drop. The drift in the TDC measurement as a function of 

the time spent measuring this constant time interval is shown in Fig. 30, for which 

100 results were averaged at each point to reduce the statistical variation. The 

peak value of the variation in the results was 705 ps (705 ps/75 000 ps = 9400 

ppm), corresponding to a temperature variation of 11.5°C. To derive the minimum 



 72

rate of calibration measurements, the maximum slope of the variation during 

measurement was derived from Fig. 30, giving 1.32 ns/s (17600 ppm/s). Thus, the 

minimum calibration measurement rate can be calculated to be approximately 83 

Hz ((1320 ps/s)/15.9 ps) when aiming at an error of magnitude better than one 

LSB. This means that approximately 120 actual time interval measurements could 

be performed between calibration measurements with a laser pulse rate of 10 kHz 

(10 kHz/83 Hz ≈ 120), for example. 

The effect of the rate of calibration measurement during a rapid decrease in 

temperature on the TDC measurements was tested by using three calibration 

measurement rates, 8 Hz, 16 Hz and 90 Hz. The temperature was rapidly lowered 

by means of a cold spray while the TDC was measuring a constant time interval 

of 75 ns at a measurement rate of approximately 9 kHz (the maximum rate for the 

laptop-controlled system used) and single calibration measurements were made at 

rates of 8 Hz, 16 Hz and 90 Hz. In other words, a laptop with a 9 kHz 

measurement rate has time to make approximately 1125, 560 and 100 actual time 

interval measurements before it has to make a calibration measurement, with rates 

8 Hz, 16 Hz and 90 Hz, respectively. The drifts in the TDC measurements with 

these different calibration rates are shown in Fig. 31. As can be seen, the 

measurements were not affected by the rapid drop in temperature when the 

calibration rate was 90 Hz, but the results deteriorated with the temperature 

decrease when lower rates were used. The random variation in the results given 

by the TDC using a 90 Hz calibration measurement rate is caused by the 

imprecisions of the individual calibration measurements and the actual time 

interval measurements. 
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Fig. 30. Drift in the TDC results upon a rapid drop in temperature. 

Fig. 31. Drifts in the TDC results with a rapid decrease in temperature at calibration 

measurement rates of 8 Hz, 16 Hz and 90 Hz. 
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4.2.4 Measured accuracy of a pulsed TOF laser rangefinder 
consisting of an integrated 0.13 μm CMOS receiver 

The suitability of the integrated receiver for a pulsed TOF laser rangefinder was 

tested by combining a laser pulser, optical fibres, optics, a discrete receiver 

channel for the start pulse and the integrated 0.13 μm CMOS receiver to operate 

as a pulsed TOF laser rangefinder. The accuracy of the whole laser rangefinder 

was tested using a calibrated measurement track where the distance from a target 

could be controlled by computer. An electrical start pulse was generated using a 

discrete receiver channel which amplified a small amount of the transmitted 

optical signal to a logic-level signal, and the reflected stop pulse was detected by 

means of an avalanche photo diode and the integrated 0.13 μm CMOS receiver. 

First, the walk error compensation curve was determined at a constant distance by 

varying the amplitude of the optical pulse using a neutral density filter and targets 

of different reflectivity to cover the whole dynamic range of the integrated 

receiver (1:10 000). As the result, this enabled the walk error versus the slew-rate 

of the detected pulse curve to be derived. 

The accuracy of the pulsed TOF laser rangefinder was tested by sweeping the 

distance of the target from 1 m to 21 m in 0.5 m and 1 m steps with targets of two 

materials, a sheet of white paper and a diamond-grade reflective sheet. The TDC 

measurements were corrected by reference to the predetermined walk error 

compensation curve. A dynamic range of 1:2000 was achieved using the two 

targets of different reflectivity and the distance variation of 1:21 in the test, and 

1000 measurements were averaged at each measurement point to increase the 

statistical reliability. The accuracy of this pulsed TOF laser rangefinder as shown 

in Fig. 32, was better than ± 5 mm over the measurement range from 4 m to 21 m. 

The deterioration in accuracy at the beginning of the curves is caused by cross 

talk from the discrete receiver channel. The output comparator of the start 

receiver channel generated a short start pulse (several nanoseconds) and the 

distance measurement was disturbed by the falling edge of this pulse. This can be 

avoided by using a latched comparator. These results showed that a pulsed TOF 

laser rangefinder with better than cm-level accuracy could be manufactured using 

the integrated receiver in combination with the time domain walk error 

compensation method. The measurements concerned have not been published in 

any of the previous papers. 
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Fig. 32. Accuracy of a pulsed TOF laser rangefinder using the integrated receiver and 

targets consisting of a) a sheet of white paper and b) a diamond-grade reflective sheet. 
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5 Discussion 

The main aim of this thesis was to develop TDC structures suitable for the 

integrated receiver of a pulsed time-of-flight laser rangefinder consisting of both 

the receiver channel and the TDC on the same die rather than to aim at 

developing TDC structures that achieve the utmost accuracy. In other words, the 

idea was to discover simple structures that avoid external off-chip reference-

locked loops, for example, and to compensate for the walk-error, the main 

systematic error in the receiver channel, by measuring the slew-rate of the 

received light pulse with an integrated TDC having one additional timing channel 

for that purpose.  

The main results of the work were the development of a stable on-chip 

voltage reference-based time-to-digital converter structure with ps-level accuracy 

and precision over an input range of 0–80 ns and a two-channel free-running ring 

oscillator-based time-to-digital converter structure with ps-level accuracy and 

precision over an input range of 0–400 ns. No off-chip reference oscillator is 

needed to stabilize the former structure, whereas the latter one is based on a 

structure, which is not locked to any reference oscillator, as its resolution is 

measured by calibration procedure. Both structures are suitable for the integrated 

receiver of a pulsed time-of-flight laser rangefinder aimed at cm-level accuracy 

and precision over an input range of 0–70 ns, corresponding to a distance range of 

0–10 m.  

The structures were verified by conducting measurements with three TDCs 

fabricated in different CMOS processes together with the receiver channels. The 

measurements showed that a compact structure, low power consumption and 

picosecond-level accuracy and precision can be achieved simultaneously with 

these receiver channels, and that a TDC for moderate input ranges (80 ns) can be 

fabricated without any off-chip reference oscillator. In addition, they showed that 

a pulsed TOF laser rangefinder with a better than cm-level accuracy can be 

constructed using an integrated receiver that implements the time domain walk-

error compensation method. 

As mentioned above, the TDCs were fabricated together with the receiver 

channels. No extensive series of measurements carried out with integrated 

receiver chips of these kinds have been published before. Only some preliminary 

measurements performed with receiver chips consisting of both a TDC and a 

receiver channel have been published by Paschalidis et al. (2002) and Copani et 

al. (2008). The receiver presented by Paschalidis et al. (2002) was used to 
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measure energetic particles in space, and thus the dynamic range of its receiver 

channel was only a hundredth of that needed in pulsed TOF laser rangefinder 

applications. The receiver designed by Copani et al. (2008) was used in a pulsed 

TOF laser rangefinder application and is thus comparable to the structures 

presented in this thesis, but the co-operation between the TDC and the receiver 

channel in that integrated receiver was not reported properly in the reference.  

Results of measurements performed with TDCs without any off-chip 

reference oscillator have been published only by Chen et al. (2005) and Lee & 

Abidi (2009). In addition to these references, which can be compared with the 

TDC structure developed in this work, other recently published TDC structures 

have also been chosen for comparison to provide a picture of the differences in 

architecture and performance between structures. The comparisons of 

architectures and performance are presented in Sections 5.1 and 5.2, respectively.  

5.1 Comparison of architecture 

A comparison of TDC architectures with N timing channels in terms of the 

frequency of the reference clock, interpolation ratio, LSB, number of delay cells 

and registers needed to achieve the required resolution, area and conversion time 

is presented in Table 4. The other TDCs chosen for comparison were required to 

have an input range over 50 ns in order to cover an input range of 7.5 m in pulsed 

time-of-flight laser rangefinding.  

As already mentioned, only two other TDCs are integrated into the same die 

with a receiver channel (Paschalidis et al. 2002, Copani et al. 2008). The receiver 

designed by Paschalidis et al. (2002) consists of the TDC presented in more detail 

by Karadamoglou et al. (2004), and was therefore chosen for comparison. The 

receiver described by Copani et al. (2008) was based on a time-to-amplitude 

converter of a similar kind to that developed by Räisänen-Ruotsalainen et al. 

(2000) and Chen et al. (2006). Since the TDC of Copani et al. (2008) has not 

been fully evaluated, the latter two converters are also included in Table 4. The 

TDCs of Jansson et al. (2006) and Jansson et al. (2009) are based on the same 

architecture, so that the latter is included in Table 4 on the grounds of its superior 

performance. 

Note that an off-chip reference is needed for all the converters in Table 4 

published by others. Details have also been published of some converters which 

operate without any off-chip reference, but only over short input ranges. These 



 79

converters are compared with the converters designed in this work from the 

performance point of view in Section 5.2. 

The TDC of Karadamoglou et al. (2004) is based on a pulse-shrinking delay 

line without a counter, and thus a large number of delay cells are needed to 

achieve picosecond-level resolution over a wide dynamic range, which means that 

numerous registers are also needed to store the state of the delay line. The TDCs 

of Räisänen-Ruotsalainen et al. (2000), Chen et al. (2006) and Copani et al. 

(2008) are based on a time-to-amplitude converter-based interpolator, and thus 

registers are not needed to store the state of the interpolator. The worst-case 

conversion times of converters with analogical interpolators are quite long, 

because the time needed for interpolation is proportional to the period of the 

reference oscillator multiplied by the length of the interpolator. The TDC of 

Karadamoglou et al. (2004) also has a conversion time of almost a μs caused by 

the propagation delay of the long chain pulse-shrinking delay line. 

The low numbers of delay cells together with the adequately high LSB of the 

TDCs designed in this work are achieved by using a high frequency on-chip ring 

oscillator as the heart of the TDC. This also leads to a low number of registers, 

and thus a compact structure can be achieved. In addition, all the TDCs operate in 

the manner of a flash converter, resulting in short conversion times. The TDC 

fabricated in 0.18 μm CMOS technology also allows the number of off-chip 

components to be reduced, because no off-chip reference oscillator is needed to 

stabilize the TDC, while just a low frequency reference signal is needed to 

calibrate the other two TDCs designed in this work. The interpolation ratio of the 

0.18 μm CMOS TDC was calculated using the on-chip frequency of the ring 

oscillator, resulting in a small value compared with those of the other TDCs. 
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Table 4. Comparison of architectures. 

Circuit Reference 

frequency 

[MHz] 

Interpolation 

ratio 

LSB 

[ps] 

Delay cells Registers Conversion 

time 

[μs] 

Mota et al. 

2000 

320 128 24.5 32+N⋅4 N⋅128 <<<1 

Räisänen-

Ruotsalainen 

et al. 2000 

100 310 32 Analogue 

converter 

Analogue 

converter 

6.3 

Herve & Torki 

2002 

31.25 256 125 8 N⋅16 <<<1 

Mäntyniemi 

2004 

66 512 29.6 16+N⋅29 N⋅64 <<<1 

Karadamoglou 

et al. 2004 

10 2048 50 (300)b N⋅2048 + 

offset delay 

N⋅2048 0.5 

Chen et al. 

2006 

80 250 50 Analogue 

converter 

Analogue 

converter 

6.7 

Chen et al. 

2007 

55.6 480 37.5 N (N-1)⋅12 10 

Copani et al. 

2008 

350 250b N/A Analogue 

converter 

Analogue 

converter 

1.4 

Jansson et al. 

2009 

6 17280 9.6 6+N⋅16 N⋅40 <<<1 

Mäntyniemi et 

al. 2009 

100 8192 1.2 32+N⋅2 N⋅64+9 <<1 

This work 0.35 

μm CMOS 

TDC 

10a 640 156 8 N⋅8 <<<1 

This work 0.18 

μm CMOS 

TDC 

Not needed 24c 61 6+N N⋅2⋅6f <<<1 

This work 0.13 

μm CMOS 

TDC 

6.7a 9434 15.9d 8+N⋅4e N⋅4⋅8e <<<1 

aReference needed for calibration, bUsed in measurements, cRelated to on-chip frequency, dworst case, 
e8 in the multiphase ring oscillator and 4 in the timing signal interpolator, f6 in the multiphase ring 

oscillator and 2 in the timing signal interpolator 
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5.2 Comparison of performance 

The TDCs are compared in terms of performance in Table 5. In addition to the 

TDCs presented in Table 4, two other TDCs with an input range narrower than 50 

ns are included in Table 5. The TDC based on time amplification has a resolution 

of 1.25 ps, which makes it one of the best converters in this respect, but it has 

only a sub-nanonsecond input range (Lee & Abidi 2009), while one of those 

designed by Chen et al. (2005) is a temperature-stabilized converter operating 

without any off-chip reference, like one of the TDCs designed in this work. 

Comparisons in terms of performance between the on-chip voltage reference-

based TDC fabricated in a 0.18 μm CMOS process and the free-running ring 

oscillator-based TDCs fabricated in 0.13 μm and 0.35 μm CMOS processes, 

respectively, and other TDCs are presented in Sections 5.2.1 and 5.2.2. 

In Table 5 σw-c is the worst-case standard deviation for single-shot precision, 

and the temperature drift in ppm/°C is calculated by dividing the maximum drift 

of the LSB of the TDC over the whole temperature range by the typical LSB 

value and temperature range. This will lead to a better result in those cases where 

the temperature drifts have a “bath-tub” curve. Worst-case slopes calculated for 

these cases are included in the table. Some of the TDCs have only a residual 

temperature drift (ps/°C in Table 5), which is constant over the whole input range. 

5.2.1 Comparison of on-chip voltage reference-based TDCs 

No off-chip reference oscillator is needed to stabilize the on-chip voltage 

reference-based TDC fabricated in a 0.18 μm CMOS process, so that from that 

point of view there are only two comparable TDCs in the literature (Lee & Abidi 

2008, Chen et al. 2005). The TDC described by Lee & Abidi (2008) has an 

excellent worst-case precision of 1.25 ps, but only over a measurement range of 

640 ps, which is not suitable for laser rangefinders that require a measurement 

range of 10 m (70 ns). To increase the input range and stabilize the coarse delay 

line of that converter, an off-chip reference oscillator is needed. In addition, no 

temperature stability measurements or simulation results for the time amplifier are 

presented in the reference. The TDC of Chen et al. (2005) has approximately the 

same resolution as the TDC designed in this work, but a narrower input range of 

38 ns. A wider input range could theoretically be achieved, but additional delay 

cells would be needed, with a pulse-shrinking delay cell to keep the circulation 

time of the cyclic TDC longer than the input time interval. This would increase 
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the circuit area dramatically, because most of the area would be taken up by these 

additional delay cells. The temperature drift of this temperature-stabilized TDC is 

over a decade larger than the temperature drift of the on-chip voltage reference-

based TDC designed in this work, resulting in an error of 1.2 cm/°C when 

measuring a distance of 10 metres. 

It was understood from the beginning of this work that the on-chip voltage 

reference-based TDC cannot compete with those of TDCs locked to an off-chip 

reference as far as precision is concerned, but its worst-case precision is still 

comparable to those of most of the TDCs with an off-chip reference considered in 

Table 5, except for those proposed by Copani et al. (2008), Jansson et al. (2009) 

and Mäntyniemi et al. (2009).  

It is difficult to compare the areas of all the circuits fairly, because the area of 

the circuit designed in this work consists of two receiver channels and some extra 

I/O pads included for testing purposes. The circuit proposed by Copani et al. 

(2008) also consists of a receiver channel having the same area of 7.8 mm2 as the 

whole receiver chip designed in this work. This area is less than twice that of the 

smallest TDC including I/O pads considered in Table 5. Note the most of the 

other designs also need an off-chip reference oscillator, which would increase the 

total area of those TDCs. 

5.2.2 Comparison of free-running ring oscillator-based TDCs 

The two other TDCs designed in this work (fabricated in 0.13 μm and 0.35 μm 

CMOS processes) are based on a stabilization technique in which the LSB of the 

free-running ring oscillator-based TDC is measured before the actual time interval 

measurement. The temperature drift of the TDC is now caused by the mismatch 

of the timing channels, giving the comparable residual drifts to the lowest quoted 

in the literature (Mäntyniemi 2004, Mäntyniemi et al. 2009). 

One of the aims of this thesis was to find a TDC structure which has a small 

area and low power consumption and can be easily integrated into a receiver 

channel, rather than to concentrate on achieving the utmost accuracy. The 

compact free-running ring oscillator-based TDC fabricated in 0.13 μm CMOS 

technology makes it possible to achieve an area of 1.7 mm2 for the whole receiver 

including I/O pads, which is among the smallest, even though most of the other 

circuits do not contain a receiver channel. Also, the TDC designed in this work 

achieved the smallest core area of any with a measurement range of at least 50 ns. 

The TDC with an input range of 38 ns presented by Chen et al. (2005) has a core 
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area smaller than that of the TDC designed here, but increases markedly in area 

with increased input range, as pointed out above.  

As mentioned before, only two integrated receivers have been described 

previously (Paschalidis et al. 2002, Copani et al. 2008), of which that of Copani 

et al. (2008) was designed for pulsed TOF laser rangefinding and is the most 

comparable structure to the receiver presented here. No complete performance 

measurements have been reported of that receiver, however, especially with 

regard to walk-error compensation, so that overall comparison is difficult. The 

latter has a power consumption of 130 mW/measurement channel, however, and 

the worst-case standard deviation of its single-shot precision is 12 ps, whereas the 

corresponding figures for the 0.13 μm CMOS TDC are 5.3 mW/measurement 

channel and 16 ps, respectively. In fact the power consumption of the whole 

integrated receiver is 15 mW/measurement channel, which is still almost a decade 

lower than that of the integrated receiver presented by Copani et al. (2008). The 

single-shot precision of 12 ps measured by Copani et al. (2008) is better than that 

of the TDC presented here, but the lack of information on the laser pulse used and 

the signal-to-noise ratio makes it difficult to approximate the effect of the TDC on 

the overall precision. The power consumption of the TDC of Karadamoglou et al. 

(2004), of which the integrated receiver of Paschalidis et al. (2002) is based, is 

approximately same as that of the TDC presented in this thesis when the LSB is 

set to 300 ps. The power consumption increases as the resolution is improved, 

however, and is approximately 7,5 mW/measurement channel, when the LSB is 

adjusted to 50 ps, whereupon the single-shot precision is still degraded 

considerably by the jitter of the long pulse-shrinking delay line and it cannot be 

scaled down to 37.5 ps (300 ps/225 ps).  
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Table 5. Comparison of performance. 

Circuit Tech  

[μm] 

Off-clock 

[MHz] 

LSB 

[ps] 

σw-c 

[ps] 

Range 

[μs] 

Temp 

Drift 

[ppm/°C] 

Meas 

chan 

P/chan 

[mW] 

Area 

[mm2] 

Mota et al. 

2000 

0.25 

CMOS 

320 24.4 166 

22.4a 

12.8 NAf 8 NA 42.25 

Räisänen-

ruotsalainen 

et al. 2000 

0.8 

BiCMOS 

100 32 30 2.5 0.35 

ps/°Cg 

2 175 11.9 

Herve & Torki 

2002 

0.8 

BiCMOS 

31.25 125 75 2 NAf 5 264 20 

Mäntyniemi 

2004 

0.6 

CMOS 

66 29.6 35  

20b 

496 0.2  

ps/°Cg 

10 5 14 

Karadamoglou 

et al. 2004 

0.8 

CMOS 

10 50 225c 0.1 8 2 5 33.6 

Chen C. et al. 

2005 

0.35 

CMOS 

Not 

needed 

57.3 NA 0.038 1200 

2600h 

1 0.0035 0.12k 

Chen P. et al. 

2006 

0.35 

CMOS 

80 50 NA 0.25 2350i 2 0.375 0.23k 

Chen P. et al. 

2007 

0.35 

CMOS 

55.6 37.5 39 0.05e 10 

83h 

2 75 0.22k 

Copani et al. 

2008 

0.18 

BiCMOS 

350 NA 12 188 NA 4 130j 7.8l 

Lee M. & Abidi 

A. 2008 

0.09 

CMOS 

without 

counter 

1.25 1.25 0.00064 NA 2 1.5 0.6k 

Jansson et al. 

2009 

0.35 

CMOS 

6 9.6 12 

6b 

1000 0.4  

ps/°Cg 

2 17.5 4.4 

Mäntyniemi 

2009 

0.35 

CMOS 

100 1.2 13.6 

3.3b 

327 0.1  

ps/°Cg 

2 16.5 4.45 

This work  0.35 

CMOS 

10 156 79 0.985 0.24 

ps/°Cg 

2 36 3.3l 

0.26k 

This work 0.18 

CMOS 

Not 

needed 

61 46 0.08 50 

90h  

2 9 7.8l 

0.43k 

This work 0.13 

CMOS 

6.7 15.9 20 

16d 

0.1 0.27 

ps/°Cg 

3 5.3 1.7l 

0.16k 

awithout crosstalk, bwith INL-LUT, cLSB=300ps when measured, dwhen using actual LSB for every 

measurement, emeasurement made within range, fusually good because of locked loop, gresidual drift, 
hworst-case range, idrift of interpolator, jwhole receiver, kTDC core, lincluding receiver channel area 
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6 Summary 

The main aim of this work was to develop TDC structures suitable for the 

integrated receiver of a pulsed TOF laser rangefinder. The idea was to locate both 

the TDC and the receiver channel on the same die with the performance aim of 

cm-level accuracy and a measurement range of 10 m – 15 m. The features aimed 

at were a compact structure without an off-chip reference oscillator, low power 

consumption and cm-level single-shot precision over a measurement range of 70 

ns (10 m). In addition, the main systematic error, the walk error of the receiver 

channel, was to be compensated for by measuring the slew-rate of the received 

light pulse using the TDC itself. Hence an additional timing channel was included 

in the TDC. Possible applications for an integrated receiver of this kind could be 

proximity switches, traffic perception and optical door curtains, for example.  

As a result, a ring oscillator-based time-to-digital converter was designed in 

which time-to-digital conversion was based on the Nutt method, where the full 

clock cycles of the ring oscillator between timing signals are determined by a 

counter and interpolation is realized simply by storing the phase of the ring 

oscillator for each timing signal. This kind of compact structure made it possible 

to achieve a resolution of several tens of picoseconds, which could be improved 

simply by scaling the structure to a thinner line-width CMOS process. The 

resolution of the TDC was further improved by means of additional timing signal 

interpolators. 

Two methods for stabilizing the TDC against process, temperature and supply 

voltage variations were developed. The frequency of the ring oscillator was 

locked to an on-chip reference voltage by means of a frequency-to-voltage 

converter in the feedback loop, in which case a stable operation frequency could 

be achieved without any off-chip reference oscillator, thus further increasing the 

integration level of the whole receiver of the pulsed time-of-flight laser 

rangefinder. In addition, a binary-adjustable current-voltage reference circuit 

based on PMOS transistors in weak inversion was developed to compensate for 

the process parameter variation in the capacitors of the FVC and the TDC. 

Another temperature stabilization method was based on the performing of a 

calibration measurement before the actual time interval measurement. The ring 

oscillator was allowed to operate at maximum frequency to achieve the best 

possible resolution for the TDC, as no limiting control voltage or slowing control 

transistor was needed. The frequency of the TDC, and thus its resolution, were 
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determined simply by measuring a constant time base from a micro controller 

before the actual time interval measurement performed by the TDC. 

The operation of the various architectures was demonstrated with TDCs 

implemented in 0.35 μm, 0.18 μm and 0.13 μm CMOS technology. That 

implemented in a 0.18 μm CMOS process was based on an on-chip voltage 

reference-based ring oscillator and the others on a free-running ring oscillator 

with stabilization by a calibration method. All the TDCs were fabricated on the 

same chip as the receiver channel, thus producing a compact receiver suitable for 

a pulsed time-of-flight laser rangefinder. 

Cm-level resolution was achieved with a small number of delay elements (6 + 

2) by using the on-chip reference-locked ring oscillator as the heart of the TDC. 

The worst-case standard deviation in the single-shot precision was less than 46 ps 

(7 mm) over a measurement range of 80 ns (12 m). The single-shot precision of 

the TDC deteriorated on account of cumulative jitter in the ring oscillator caused 

by the noise of the on-chip reference voltage. The measured temperature drift of 

the TDC was less than 50 ppm/°C over a temperature range from 0°C to 70°C, 

giving a distinct improvement over that of the structure without any locking 

system (approximately 1350 ppm/°C). The temperature drift and the precision of 

the TDC cannot compete with those of a state-of-the-art off-chip reference-locked 

TDC, but some laser rangefinder applications can benefit from a TDC structure 

without any off-chip reference from the cost point of view. The power 

consumption of the TDC was 9 mW/measurement channel.  

The TDCs based on a free-running ring oscillator were fabricated in 0.35 μm 

and 0.13 μm CMOS technologies. The 0.35 μm CMOS TDC was the first version 

of the integrated receiver in which co-operation between the TDC and a receiver 

channel was tested. The resolution of this TDC without timing signal interpolators 

was improved from 156 ps to 64 ps simply by scaling the structure to a 0.13 μm 

CMOS process, and a quadruple improvement was achieved by using the 

additional timing signal interpolators, giving a final resolution of approximately 

16 ps (the worst-case chip tested). The TDC consists of three measurement 

channels: one common start channel and two stop channels. The second stop 

channel was used to measure the slew-rate of the received light pulse in order to 

compensate for the walk error in the receiver channel. The worst-case standard 

deviation in single-shot precision was better than 16 ps over an input 

measurement range of 100 ns and was still better than 50 ps over an input 

measurement range of 400 ns. The deterioration in the precision was caused by 

the cumulative jitter of the ring oscillator. Even though the precision of the TDC 
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was degraded by cumulative jitter, the linearity of the TDC remained better than 

±8 ps from 5 ns to 400 ns. The residual temperature drift of the TDC was better 

than 0.27 ps/°C when a single calibration measurement was made before every 

time interval measurement, an approach known as the actual LSB calibration 

method (ALC method). The power consumption of 5.3 mW per measurement 

channel was one of the lowest known for a TDC which achieves a measurement 

range of at least 70 ns (10 m) and an acceptable level of temperature drift, and the 

area of the whole receiver (1.7 mm2 including the TDC, a receiver channel and 

I/O pads) was the smallest, even though the receiver channel was not included in 

the most of the other reported structures. 
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