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Abstract 

With permanently increasing demand for 3D-data acquisition and inspection in the 

industry more and more new 3D ranging systems have been developed. As one of the 

most important measurement techniques, the 3D-ranging systems based on time-of-

flight (TOF) principle are nowadays intensively investigated. Despite of a large variety of 

3D TOF ranging system concepts, the growing requirements in applications for 3D-

vision have seldom been really satisfied. Either additional 2D spatial scanning must be 

used in order to obtain the 3D information, resulting low data acquisition rate and low 

lateral resolution, or their applications are restricted due to the critical requirements on 

the operation condition, the system complexity or their high cost. 

 

As the key component of a 3D non-scanning TOF ranging system, the novel Photonic 

Mixer Device (PMD) realized based on the standard CMOS technology, has won 

intensive, widespread interest from various sides since its appearance in 1997. The 

unique and astonishing features of PMD, and its easy integration into a sensing array 

and the flexible arrangement make the realization of extremely fast, flexible, robust and 

low cost smart 3D solid-state ranging cameras possible. 

 

In this thesis, the experimental investigation of the PMD device was carried out, based 

on the results of the preceding researches about PMD. A series of properties of PMD 

device such as the charge transfer characteristic, modulation contrast, noise 

performance and non-linearity problem etc., as well as the operation performances of 

different PMD structures were already measured and analysed, which offers an 

experimental basis for the further optimization in the PMD chip design. 

 

Based on the actually fabricated single PMD chips, we developed the first generation of 

smart 3D PMD ranging cameras. Without any special expensive system techniques, the 

implemented system has achieved a ranging accuracy in the order of millimetres, at a 

modulation frequency of just 20MHz. Because of the outstanding features of PMD 

device in the electro-optical mixing process, the ranging system based on PMD 

technology overcomes the typical drawbacks in the conventional time-of-flight 

measurement techniques and considerably simplifies the system design without any 

loss of measurement accuracy. Among the possible applications of PMD, this work 
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treats only the use of PMD in the 3D data acquisition. We believe that with the 

continuous development of the modern semiconductor technology and further 

improvement of PMD performance, the PMD will find more and more applications in 

different areas of the industry in the near future. 



  V 

Kurzfassung 

In der industriellen Fertigung besteht ein derzeit stark wachsender Bedarf nach 

schnellen, präzisen und berührungslosen optischen 3D-Vermessungssystemen u.a. zur 

mehrdimensionalen Objekterkennung zur Qualitätsprüfung, Robotvision zur 

Automatisierung und zur Sicherheitsüberwachung kritischer Fertigungsbereiche. In den 

letzten Jahren wurden viele neue Messkonzepte zur 3D-Formerfassung auf Basis des 

Laufzeitverfahrens mit inkohärentem Licht (TOF-Verfahren – Time of Flight) entwickelt 

und untersucht. Der Stand der 3D-Meßtechnik auf dieser technologischen Grundlage 

besteht derzeit entweder in der räumlichen Abtastung der 3D-Szene mit einem 

einzelnen Lichtstrahl über einem hochpräzisen xy-Spiegelscanner, oder in der 

Kombination von CCD-Kameras mit 2D-EO-Modulatoren zur flächigen Demodulation 

der empfangenen Reflexionswelle (z.B. mit Pockelszellen). Typische Nachteile solcher 

Ansätze sind die u.a. die aufwendige Nachverarbeitung der gewonnenen Datensätze, 

die kritischen Anforderungen an die Applikationsbedingung sowie sehr hohe Kosten. 

Daher ist der Einsatz solcher Systeme bisher in vielen möglichen Anwendungsfällen nur 

vergleichsweise selten erfolgt. 

 

Als Schlüsselkomponente in einem neuartigen 3D-TOF-Formerfassungssystem 

ermöglicht der sogenannte Photomischdetektor PMD die Realisation schneller, flexibler, 

robuster und hochauflösender 3D-Solid-State-Kameras. Die einzigartigen PMD-

Features eliminieren die Hauptfehlerquellen konventioneller Ansätze, und bieten auch 

deutliche Vorteile hinsichtlich Robustheit und Preis. 

 

Im ersten Teil der vorliegenden Arbeit ist im Wesentlichen die umfangreiche 

experimentelle Untersuchung und Spezifikation von PMD-Sensoren, insbesondere zur 

fortschrittsgemäßen Optimierung des Chipdesigns, dokumentiert. Es wurde die DC-

Übertragungsfunktion und die Sensordynamik, sowie das AC-Modulationsverhalten 

unterschiedlicher PMD-Strukturen unter verschiedenen Arbeitsbedingungen (d.h. 

Modulationsfrequenz, Photostrom und Hintergrundbeleuchtung) intensiv untersucht. 

 

Im zweiten Teil der Arbeit werden realisierte PMD-Entfernungsmesssysteme, basierend 

auf unterschiedlichen PMD-Testsamples, systematisch vorgestellt. Es wird u.a. 

dargestellt, wie der Aufbau eines PMD-basierten Entfernungsmesssystems enorm 
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vereinfacht werden kann, da die einzigartigen PMD-Eigenschaften die teuren und 

fehleranfälligen HF-Komponenten konventioneller Ansätze ohne zusätzlichen 

Mehraufwand ersetzen. Wie in den Messungen gezeigt werden konnte, sind 

Genauigkeiten im mm-Bereich ohne weiteres zu erreichen. Es ist zu erwarten, dass mit 

der Weiterentwickelung der PMD-CMOS-Technologie und adäquater Optimierung des 

Chipdesigns, zukünftig viele neue Einsatzgebiete der PMD-Sensorik in verschiedensten 

Anwendungen gefunden werden. 
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1 Introduction 

With the rapid development of the technology nowadays, different types of solid-state 

imaging sensors, such as CCD (Charged Coupled Device) and CMOS cameras 

[Boy][Fos][Vie], satisfying requirements in different applications, have been developed. 

It is obvious that although the imaging sensors can offer images with high lateral 

resolution, they can see only radiance and color, not the depth information of the scene.  

 

Most applications in industrial measurement and inspections, localization and 

reorganization, reverse engineering and virtual reality, however, require not only data 

about the 2D-geometrical features but also shape information of objects in 3D-space. 

The 3D-data are, compared to the 2D-information obtained by imaging sensors, 

invariant against rotation and motion of objects, alteration of illumination and soiling. To 

satisfy the requirement mentioned above, enormous efforts have being made in the 

development of 3D optical sensors. Based on the measurement principle of sensors 

and the limitations of measuring uncertainty, 3D optical ranging systems can be 

classified in general into following three main categories: triangulation, time-of-flight and 

interferometry [Scw-2]. 
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Fig. 1.1 Block diagram of 3D TOF ranging systems based on PMD sensing array 

 



2 Introduction  

Time-of-flight (TOF) ranging is one of the most widely used techniques for optical 3D 

measurement. The distance to the object or the depth information d can be determined 

by the echo time τ of the modulated light signal back scattered from the object which 

yields  

2
.τcd =  

where c = 3 x 108 m/s represents the transmitting velocity of the light signal in the 

median. In stead of using spatial scanning at 1D/2D ranging sensors to get the required 

whole 3D information, a variety of non-scanning 3D-ranging systems based on the TOF 

techniques with CW-modulation have been developed to satisfy the increasing 

demands for 3D ranging applications in the industry. 

 

The key component of such 3D TOF ranging systems is the 2D electro-optical 

modulator or mixer (EOM) which in principle mixes the RF-modulated optical wave front 

reflected from the target scene with the reference signal, resulting a RF-interferometry. 

Typical examples among 3D ranging systems are the CCD-array combined with 2D-EO 

modulator such as Pockels cells or image intensifier [Scw-2][Höf][He-1][Xu-1]. The main 

drawbacks of these systems, e.g. high operation voltage (up to 1000V), relative lower 

modulation depth, dependence of the angle of view and of the optical wavelength as 

well as higher cost and system complexity limit the applications in the industry. A new 

novel electro-optical mixer – Photonic Mixer Device (PMD) based on the CMOS 

technology – opens a fully new aspect in the 3D measurement [Scw-3]. This concept is 

based on the creative idea of Prof. R. Schwarte, on the institute of signal processing, 

Zentrum fuer Sensorsysteme (ZESS) and later on S-TEC GmbH since 1997. The PMD 

device offers a high potential for optical sensory systems due to the simple and powerful 

procedure of electro-optical mixing and correlation. With the advantage of easy 

integration of PMD pixels into a PMD line or a PMD sensing array, this new concept 

presents a very attractive solution for realization of fast, robust and low cost 3D solid-

state sensors [He-2][Xu-1]. It is to expect that with its continuous development, the PMD 

device will find more and more applications in the near future. Fig. 1.1 shows the block 

diagram of the 3D TOF ranging camera based on the PMD technology.    

 



 Introduction 3 

This dissertation is aimed at the investigation of the performance and correlation 

characteristics of different PMD structures with regard to real application conditions in 

the optical measurement as well as the realization of the first 3D PMD ranging system, 

using the phase shifting CW-modulation technique, based on the actual fabricated PMD 

samples.   

 

This work is arranged into five main sections. We begin with an overview of the different 

non-contact optical measurement solutions and discussions about the 3D TOF 

measurement based on the phase shifting modulation technique (homodyne mixing 

method) in chapter two, followed  by the functional description of PMD device in chapter 

three. In chapter four we report the PMD specification. The measured results of single 

PMD structures from different processes under various operation conditions are 

presented. And finally, we describe the realizations of 1D-, 2D- as well as 3D-PMD 

TOF-ranging systems based on the different actual fabricated engineering PMD 

examples in chapter five. The measurement results are presented as well.  And the 

main factors influencing the distance accuracy and measurement errors are discussed 

in the last chapter of this work.  
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2 The optical 3D measurement systems 

 

2.1 Overview of 3D optical measurement 

The most important optical 3D range measurement techniques can be divided into the 

following three categories: (1) triangulation, (2) time-of-flight and (3) interferometry. In 

order to obtain the depth information of the objects, most of these methods require the 

active scene illumination, which covers the light wavelength generally from 400 to 1000 

nm, i.e. visible and NIR spectrum. Fig. 2.1 gives a hierarchical description of the non-

contact 3D measurement techniques [Scw-1].  
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depth detection
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optical modulation time-
of-flight measurement

(in gen. opt. incoherent)

Light wave
λ = 0,5 - 1 µm

(300 - 600 THz)

Fig. 2.1 Family tree of non-contact 3D measurement techniques [Scw-1] 

 

Of course there can be found a lot of applications that use microwave (λ = 3~30mm) 

and ultrasonic wave (λ = 0.1~1m) techniques (e.g. differential GPS, microwave radar 

and SAR interferometry). However, both measurement techniques are due to their 

diffraction limitations not suitable for range measurements with high angular resolution.  

 

In this section we give first a rough description of fundamental principle of the optical 

measurement techniques of three categories mentioned above and some examples 

related to each principle. The advantages and disadvantages of these principles will be 

then discussed. More detailed discussions and broader overviews over optical 3D 
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object measurement technique can be found in the references [OFHB] [Bre] [Eng] [Scw-

1]. 

 

2.1.1 Triangulation 

We start with the triangulation technique. It is a very common ranging technique used 

by the nature. As illustrated in Fig. 2.2 and Fig. 2.3, the triangulation measurement 

technique is in principle a geometrical method. One point of the object surface and other 

two points of the measurement system together build a geometrical triangle. It is 

uniquely defined if the angles α and β and the baseline b are all known. The distance of 

the target from the observation point can then be determined by measuring the 

triangle’s angles or the triangulation base.  

 

The 
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  (a)          (b) 

Fig. 2.2 Principle of passive triangulation measurement.  
principles of the triangulation technique are normally divided into two groups: 

ive and active triangulation methods. Digital photogrammetry and Theodolite 

ems belong to the passive triangulation technique. Observing the same point from 

different points A and B with known distance b, and measuring the observing angles 

d β, the distance to the observed point d can thus be obtained using the following 

tion: 

βα tan
1

tan
1

+
=

bd         (2.1) 
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Since each point to be measured must be identified from both viewing positions 

unambiguously, high scene contrast is usually required. The typical features of the 

object surface are found and compared in both image pairs with help of 2D-correlation. 

From the position of each feature’s centroid in both images, the angles α and β are 

deduced and the distance is then calculated using equation 2.1, with assumption that 

the cameras are calibrated, i.e., the distance of the cameras to each other and their 

orientation are predefined. According to the concrete applications two or more camera 

systems can be used (Fig. 2.2b). The stereoscopic measurement systems with more 

cameras work pretty well in some industrial inspections for such scenes with rich image 

contrast. The accuracy of the measurement Sxyz can be reached to better than 20µm for 

a 2m x 2m x 2m volume, if high resolution cameras, e.g. Kodak DCS460 with objective 

of 18mm are used [Luhm]. 

Objective

CCD chip

Object 

Laser

x'y'

x
y

z

fb

b'

d

Light source PSD o. CCD

Object surface

Objective

 
(a)       (b) 

Fig. 2.3 Principle of active triangulation measurement. (a) 1D-active 

triangulation system. (b) Light sectioning measurement principle.  

 

Like other triangulation techniques, the shadowing effect is also the typical proble

stereovision systems. Although it can be minimized by using the multi-view

triangulation systems, this improvement must, on the other hand, paid for by eno

increase of data processing and cost with increasing number of cameras
m for 

point 

rmous 

. The 
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Theodolite system is another famous passive triangulation technique, which can reach 

an accuracy of ca. 1:200,000 but needs usually very long processing time [OFHB]. 

 

As illustrated in Fig. 2.3a, in the active triangulation technique one laser projector and 

one position sensitive detector, together with the point of the object surface, build the 

triangle, in which the distance of the object d is proportional to the lateral displacement 

of the light spot on the image detector b’. With the focal length f of the objective known, 

the distance of the target can simply be calculated by following equation: 

        

    
'b

bfd ⋅=       (2.2) 

 

The 1D triangulation can be easily extended to the 2D triangulation, which is the well 

known light sectioning principle. It uses a light source that projects a line on the surface 

of target. At the side of image detector, normally a CCD sensing array is used in stead 

of CCD line or linear PSD (Fig. 2.3b). Looking to the profile line from the viewpoint of 

the camera, the line appears to be curved in the image. If the position of light source, 

the orientation of the project plane, and the position and orientation of CCD camera are 

all known, the depth information of all points on the bright projected line can be 

determined. For acquisition of 3D object information only 1D-scanning needs to be 

performed [Kra][Vir]. The relative long processing time (20s) of such systems to get full 

depth information from the whole 3D scene with, say, a normal video camera (25 

frames per second) is for many industrial applications not acceptable. 

 

With further advanced techniques the direct 3D triangulation measurement without 

mechanical scanning is allowed, where 2D structured light projections are used.  The 

most important methods are Graycode approach [Wah], Phase shifting projected fringe 

[Bre][HaLi],  Coded binary patterns[Mal], Phase shifting Moiré [Dor] or color-coded 

triangulation measurement [Scu].  

 

2.1.2 Interferometry 

The optical interferometry is a coherent time-of-flight (TOF) measurement method, as 

shown in Fig. 2.4. It is described by the superposition of two coherent waves of the 
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same frequency ν, one reflected directly from the target and the other, split by a beam 

splitter and back scattered from the mirror, as the reference [OFBH]. Both waves mix 

and correlate on a 2D sensing array, resulting in an interferogram or correlogram after 

integration. The phase information of the interferogram, which is proportional to the 

distance of the 3D scene being measured, can be valued out by using corresponding 

phase shift methods. The unambiguous range of only half of the wavelength λ/2 and the 

relative distance measurement are the principle drawbacks of the classical 

interferometry [Scw-1].  

 

CCD-Sensor

Aperture

3D-Object

Reference mirrer

Light soure

 

Fig. 2.4 Principle of instrument setup of interferometry 

 

Many enhanced approaches such as Multiple-wavelength interferometry, electronic 

speckle pattern interferometry (ESPI) and white-light interferometry or coherent radar 

overcome this restriction. With development of computer and CCD camera techniques it 

is very common today to achieve the measurement precision with a fraction of optical 

wavelength of λ/200. Interferometry finds its applications predominantly in the 

measurements with high accuracy (λ/100 ~ λ/1000) over small distances ranging from 

micrometers to several centimeters.  
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2.1.3 Time-of-flight 

The basic principle of the time-of-flight measurement is to measure the absolute time 

delay of the wave fronts reflected from the object surface, since we know the speed of 

light very precisely c = 3 x 108 m/s.  If the echo time td between the transmitting and 

receiving light signals is known, the distance d of the target can be then determined by 

. As a measured time of 6.6ps corresponds to a distance of 1 mm, the basic 

problem of establishing a TOF ranging system is obviously the realization of a high 

accuracy time measurement. According to the different operation modes the TOF 

measurement are mainly divided into three groups [Scw-2]: 

2/. dtcd =

 

Pulsed modulation 
Pulsed TOF technique measures directly the turn-round time of the light pulse. The 

actual time measurement is performed by correlation of start and stop signal with a 

parallel running counter. The advantage of using pulsed light modulation is its large 

unambiguous distance measurement.  However, it requires at the same time a receiver 

with high dynamics and a large bandwidth. Also the current laser diodes limit the 

required pulse rising/falling time and high repetition rates of the pulses.  

 

Continuous wave (CW) modulation 
Compared to the pulsed modulation, the phase difference between the sent and 

received signals is generally measured, rather than the direct measurement of echo 

time of light pulses. Is the modulation frequency known, the measured phase delay 

corresponds directly to the time of flight. For CW-modulation a large variety of light 

sources is available. Different shapes of modulation signals such as sinusoidal waves or 

square waves can be used.   

 

Similarly to optical interferometry, the RF-modulated light signals of a phase delay td, 

reflected from the object, is mixed and correlated with the reference RF-signal at the 

receiver, resulting in an ORF-interferogram which represents the total depth information 

of the target: 

dtttsts
T

ttststI dTTdd )()(1lim)()()( −′⋅
∆

=−′∗= ∫∆∞→∆
   (2.3) 
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where s(t) and s’(t) represent the reference RF-signal and back scatted light signal 

respectively. If we ignore the nonlinear effects and the noise behavior of the systems 

and assume the sinewave modulation, i.e. 

)2cos()( 00 tfaats m π⋅+=          (2.4) 

the reflected signal s’(t) has the same form as s(t) but distinguishes itself with the 

coefficients a’0 and a’m and the echo time delay td. 

 ))(2cos()( 00 dm ttfaats −⋅′+′=′ π       (2.5) 

 

From equation (2.3) we can express the ORF-interferogram or the so called auto-

correlation function as 

))](2cos([)]2cos([)( 0000 dmmd ttfaatfaaAtI −⋅′+′∗⋅+⋅= ππ  

         [ )2cos(1 0 dtfM ]π⋅+⋅Γ=       (2.6) 

where  A defines the system attenuation factor and 

   00 aaA ′⋅⋅=Γ

002
1

aa
aa

M mm

′⋅
′⋅

⋅=  

A large variety of methods can be used for the evaluation of the time delay td from 

equation (2.3). The most applied CW-modulation techniques among them are 

heterodyne technique (frequency shifting), homodyne technique (phase shifting) and 

FM-chirping modulation technique [Scw-2]. A detailed description of all these 

techniques can found in [Xu-1]. The ambiguity problem for the CW-modulation will not 

occur if the ranging distance of the system is less then the half of the RF-wavelength, 

which is normally in an order of some meters. This method therefore satisfies most 

industrial applications. For measurement beyond the unambiguous phase range 

unwrapping technique is required [Loff]. We focus in this work on the homodyne 

technique (phase shifting method), as discussed in more details in section 2.2.   

 

Pseudo-Noise modulation 
Pseudo-Noise (PN) modulation technique, which is widely used in applications in 

communication technique, combines the advantage of quasi-stationary CW-operation 

with the large unambiguous range of the pulse-modulation through the high pulse 

compression of the auto-correlation function of the PN–signals [Li][Scw-2]. Due to this 
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feature it finds nowadays more and more applications in the TOF ranging systems. 

Fig.2.5 shows typical structure of TOF distance sensing system based on the principle 

of time-of-flight measurement. 
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Fig. 2.6 Performance of different optical 3D ranging systems. The performance 

of ranging systems based on PMD is not included [Scw-1].  

 

Independent of the progress and steady improvements in ranging sensors, we 

experience during the last years a continuously improving and rapidly growing field of 

industry: microelectronics. There is no doubt that each of the optical ranging methods 

introduced before has profited in its own way from the ongoing miniaturization in 

microelectronics. However, while triangulation and interferometry saw more cost-

effective implementations, their measurement accuracy was not substantially affected. 

In the case of triangulation, the measurement range and precision is critically 

determined by the triangulation baseline. Obviously, miniaturization of the complete 

system leads to a reduced triangulation baseline and therefore to reduced accuracy. 

The precision in interferometry is basically given by the wavelength of the employed 

coherent light source, a parameter that cannot be influenced greatly. The situation is 

completely different for time-of-flight ranging techniques. They are not only becoming 

more and more cheaper, smaller and simpler to realize, their measurement accuracy is 

steadily improved. This is because, generally speaking, with decreasing minimum 
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feature size, devices become faster and hence, a better time resolution is possible. 

Therefore, we believe that the time-of-flight measurement principle will be used in more 

and more future applications. 

 

2.2 Time of flight (TOF) 3D measurement systems with CW-modulation 

2.2.1 Operation principle of the 3D TOF systems 

In the previous section we discussed briefly different measurement techniques of 

getting 3D depth information. For the 3D-TOF ranging systems without scanning, the 

key function is the 2D-modulation and demodulation of the emitted and reflected light 

signals [He-2][Scw-4][Xu-3]. As illustrated in Fig. 1.1, the whole 3D-scene is illuminated 

simultaneously with the RF-modulated light, instead of scanning the 3D scene line by 

line. The back scattered wave front from the object arrives the 2D EO-mixer in the 

receiver, where it is mixed again with the reference signal, before an RF-intferogram 

can be formed at the sensing array after integration. One can see that this 2D-

correlation process delivers the phase-correlation function related to each voxel of the 

3D scene within the receiving aperture in a parallel way. Upon the acquired RF-

correlation pattern, the complete 3D-information can be then extracted using e.g. phase 

shifting technique [Xu-1]. 

 

Modulated light sources 

For a 3D-TOF ranging systems, as illustrated in Fig. 1.1, the simultaneous 3D scene 

illumination is required instead of scanning the whole scene using projected light beam 

or line. Compared to the optical interferometry, the emitted light is not longer restricted 

in the coherent light, so a large variety of incoherent light sources such as LEDs or laser 

diodes can be selected for use.  

 

LEDs are relatively inexpensive and can be modulated up to some 100 MHz with nearly 

100% modulation depth and high linearity. They cover a wide range of wavelengths 

from blue (400 nm) to the near infrared (1200 nm) with an optical power of up to several 

milliwatts. Lasers, even laser diodes, are relative more expensive than LEDs but offer 

more optical power and are suitable for modulation up to some GHz at a wide range of 

wavelengths. While both LEDs and laser diodes allow the direct modulation of light 
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intensity by controlling the driving current, other light sources require additional electro-

optical modulator [Sal]. The typical solution of 2D illumination is to build an array of 

LEDs or laser diodes with direct modulation control. In order to obtain a possible 

homogeneous scene illumination, the combination of microlens array and lens or 

diffractive optical element (DOE) is usually employed (Fig. 2.8) [Tai].    
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Fig. 2.7 (a) Configuration of the through microlens array or DOE, (b) Simulated

result of illuminant distribution [Tai]. 
-electro-optical (EO) mixers  
e key component of the 3D-TOF ranging systems is the 2D mixing device which 

nctions as 2D-modulator of transmitting light signal required in some measurement 

ncepts [He-1] and as 2D-mixer or demodulator on the receiver side.  

onventional 2D modulator concepts such as Kerr-cells, Pockels-cells [Xu-1] and FTR-

odulator [He-1] are developed for 3D measurement. Kerr-cells are based on the 

adratic electro-optic effect, that the polarization of a polarized light beam is rotated 

pending on the applied voltage. Together with a polarizer, the polarized incoming light 

n be modulated in intensity, through varying the modulated control voltage of the cell. 

e modulation frequency of Kerr-cells can reach up to 10 GHz. The modulation voltage 

 as high as 30 KV must be applied. Pockels cells, which make use of linear electro-
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optic effect (Pockels effect), work very similarly and require a driving voltage of a factor 

of 10 lower than that of Kerr cells. Although the cut-off frequency of Pockels cell of 

25GHz is even higher, the modulation frequency in the practical use, however, limits in 

several hundred MHz because of the cell’s capacitance [He-2][Xu-1]. The optical to 

electrical conversion and integration after demodulation is realized by an 2D detector 

arrays such as CCD or CMOS active pixel sensors (APS).     

 

The mechanical shutters or liquid crystal shutters are also reported to be used as 

modulators. But their use is usually limited in the measurement applications with low 

modulation frequencies (some kHz) [Sal].   
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Fig. 2.8 The modulation characteristic of a Pockels cell [He-1] 
 

 

The development of a new smart 2D mixer array, Photonic Mixer Device (PMD) based 

on standard CMOS technology, overcomes the restriction of conventional 3D-TOF 

measurement techniques. This innovative technique combines 2D mixing and 

correlation processes in one step. Each PMD pixel in the array is an independent 

demodulation and detection unit. More detailed discussion of PMD technique is 

presented in the next chapter. Other related architectures based on CCD principle are 

CCD lock-in pixel [Spi] [Lan] and CCD-range finding sensor [Miy].  
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Signal processing and 3D-data evaluation 

As discussed in the following sections, the 3D-information can be acquired by 

implementing corresponding 3D-recovering algorithms. Since the output signal of PMD, 

representing the depth information, is in the practice corrupted by non-linearity of PMD 

and system noises or RF-cross-talk (RF noise) in time domain, the pre-processing 

techniques such as sub-sampling, low-pass filter or adaptive filter is necessary before 

the evaluation is performed.  

 

2.2.2 Phase shifting technique (homodyne mixing method) 

As mentioned above, phase shifting method is one of the important phase 

measurement techniques in the TOF ranging systems. The system block diagram 

shown in Fig. 2.9 gives a simplified description of the operation principle. Similarly to 

the optical interferometry, the frequency of the RF-signal generator, providing a signal 

base for both transmitting and receiving channels, is set to be fixed while the initial 

phase of the RF-signal on either of the channels is shifted with a different phase shifting 

steps. The measurement of distance requires at least three frames of interference 

patterns.  

 

Signal generator
s(t)Sender

Phase shifting
 ψ(k) k=1, 2, ..., N

Signal 
processing∫ dt

EO-Modulator

Section of
measurement

s(t-td(x, y)

td(x, y)
 

 

Fig. 2.9 Block diagram of 3D-TOF ranging system using phase 

shifting technique  
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The light source may be any incoherent light sources with constant intensity I0. It is 

modulated with the fixed frequency f0. The parameters td(x,y) and h(t) represent the echo 

time delay of light corresponding to each point from the 3D scene and the transfer 

function of the system respectively. The back scattered wavefront and the reference 

signal with phase shift ϕk are correlated in the detecting array at the receiver. The 

interferogram Ik(x,y) is obtained after integration. The general description of the 

interferogram can be expressed by   

 

 )2/()()],([')),((),( 00 ftsthyxttsIyxtfyxI kddk πϕ+∗∗−⋅==       (2.7) 

where  

Nk ⋅⋅⋅= ,2,1  for  3≥N

 and (x, y) denotes here the corresponding pixel position on an sensing array (e.g. PMD 

or CCD). h(t) described the influence of the filters, band limitations and non-linear 

distortions of the system. For a fixed modulation frequency f0, Ik(x,y) is the function of 

td(x,y). It is obviously very difficult to find an analytical expression for equation (2.7) 

because of the complexity of h(t) and applied signal forms. Instead of that, Z. Xu gives 

an intelligent solution in his work by using the theory of Fourier series expansion, which 

can be described as follows [Xu-1]: 

 

Considering h(t) being understood as modification of the signal form of the 

transmittance with the corresponding system attenuation factor A(x,y), equation (2.7) 

can be rewritten as 

)],([')2/(),(),( 00 yxttsftsyxAIyxI dkk −∗+⋅⋅= πϕ     (2.8) 

 

Since both s(t) and s’(t) are periodic signals of any signal form for the CW-modulation 

technique, they can be expressed by Fourier series expansion.   
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where sϕ represents an initial phase offset of the system. 
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Under the condition that the RF-modulation signal has the frequency in general from 

some tens of MHz up to several GHz, much higher than the sampling frequency fs in a 

range of some KHz, i.e. f0 >> fs, the function system, cos( )22 ϕππ nnft +  and 

)22sin( ϕππ nnft + for all n  , composes a quasi-orthogonal system over an 

integration time period of . Substituting the Fourier expansions of the signals 

in (2.9) and (2.10) into equation (2.8), the auto-correlation function of the system can be 

expressed by 
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          (2.11) 

 

Equation (2.11) can be rewritten according to the orthogonal characteristics of 

sinusoidal functions 
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Introducing following constants to further simplify the expression 

   nnnnn bbaaA ′+′= nnnnn baabB ′−′=   

   000 ),(),( aayxAIyx ′=Γ 00
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 22cos nnnn BAA +=ϑ  22sin nnnn BAB +=ϑ  

The general expression of the ORF-interferogram using the phase shifting technique 

can be expressed by 

      (2.14) 
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The coefficient Γ in equation (2.14) is the local mean intensity that is similar to the gray 

tone of the 2D image. { defines the fringe contrasts of the 2D correlation pattern 

corresponding to different harmonic waves and {

}nM

}nϑ the fixed phase offsets. Since the 

function  has the same period as the modulation signal, the unambiguous range 

of the distance measurement corresponds to the half of the modulation period i.e. λ/2, 

where

),( yxI k

0/1 f=λ  if without the phase unwrapping. 

 

We discuss now the ORF-interferogram in the special case of using sinusoidal and 

square wave modulation signals. For the sinewave modulation, only the coefficients 

are not zero. Equation (2.15) is in this case reduced to 1010 ,,, aaaa ′′

 

 { ))(2),(2cos(1),(),( 01 skdk yxtfMyxyxI }ϕϕππ −++Γ=     (2.15) 

with  and000 ),(),( aayxAIyx ′=Γ 00111 2 aaaaM ′′= .  
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If we ignore the lateral indices and the initial phase offset sϕ , i.e. sϕ =0, equation (2.15) 

is just the same as equation (2.6). Similarly, if the signals in both transmitting and 

receiving channels are square wave modulated and the non-linearity of the system is 

ignored, all odd elements of the fringe contrasts are not zero while all other items 

corresponding to the even harmonic waves vanish, i.e. 
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The correlation result of the square wave modulation in this case has the form of a 

triangular function. In the practice, however, many factors such as the band limitation 

and non-linear distortion of the system, will have influence on the correlation result, 

which leads to a distorted auto-correlation waveform, therefore, it is in most cases not 

possible to obtain the desired depth information td(x, y) analytically. Additional evaluation 

algorithms for the 3D-data acquisition are necessary.  

 

2.2.3 3D-data evaluation algorithms 

The problem of acquisition of desired 3D-depth information in the system is to the 

extract the time of flight td from the interferogram given by equation (2.14). The phase 

evaluation algorithm should be simple, accurate, fast and noise reducible. Since the 

terms in the equation (2.14), Γ, and t}{ nM d, are undefined, so more independent 

interferograms of the same 3D scene are needed to acquire the echo time delay td. For 

case of the harmonic modulation, at least three phase shifting steps are necessary. The 

phase shifting steps are normally chosen to be equidistantly distributed over one 2π-

period for fast evaluation 

 k
Nk
πϕ 2

=   .     (2.17) 3,...,3,2,1 ≥= NwithNk

Letting 0=kϕ  and ignoring the position indices x  and  for simplicity of the expression, 

equation (2.14) is rewritten 
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for . 3,...,3,2,1 ≥= NwithNk
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In a real 3D TOF-ranging system based on the CW modulation method, the non-

linearity problem arise not only from the eletro-optical mixer itself but also from other 

system components such as light source (LEDs or laser diodes), signal generator, 

phase shifting unit or processing circuits. Although nonlinear distortion can be partly 

minimized through band-pass filter and modulation waveform design, appropriate 

algorithms have to be derived to further reduce the system errors reduced by non-

linearity and noise, ensuring high accuracy of 3D-data reconstruction. The nonlinear 

evaluation algorithm based on the least square criterion gives an optimal solution 

especially in case of Gaussian noise [Mar][Xu-1]. 

 

For N measurements performed according to different phase shifting steps, the sum of 

the square errors is defined as 

      (2.19) 
2

1 1

)cos(1∑ ∑
=

∞

= 















−++Γ−=

N

k n
nkdnk nnMIE ϑϕϕ

To find the values of the parameters Γ, and }{ nM dϕ  that minimize equation (2.19) 

means  
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for n . l,...,3,2,1=

 

Considering the limited bandwidth in the practice and the coefficients of the high order 

items in Fourier expansion vanish very quickly, l  is normally truncated to a finite value, 

say 10. The parameter dϕ  can be obtained by solving equations in (2.20) [Xu-2] 
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for n . l,...,3,2,1=

 

We have the distance estimation within the unambiguous range, with the light speed 

known, i.e.  smc /103 8×=
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The intensity image can be obtained by  
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For 4-phase shifting modulation technique, the evaluation algorithm obtained according 

to the least square principle is given by [Scw-3] 
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where ),(2),( 0 yxtfyx dd πϕ = , . {INMyxfor ,...,3,2,1, = k} for k =1, 2, 3 and 4 represent 

the measured interferograms at different phase shifts with ϕk = 0°, 90°, 180° and 270° 

respectively. 
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3 Photonic Mixer Device (PMD) 

As already discussed in the previous sections, high resolution ranging measurement 

using CW-modulation technique systems requires very high precision of determination 

of phase delay td. In a conventional CW-system as described in Fig. 2.5a, extremely 

complicated mixing and processing circuitry, which is designed for error compensation 

and noise suppression, introduces itself, on the other side, new noise sources, time 

delay and drifting errors. Even with such a high consume in the circuit design it is hardly 

realizable for a high ranging accuracy e.g. of 1mm in the conventional system concepts.  
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  (a)          (b) 

Fig. 3.1 (a) The typical simplified 2-gate surface channel PMD structure and the 

electrical symbol of PMD. (b) The schematic illustration of the cross-section of 

PMD and the principle of charge transfer under the control of gate modulation 

signals [Scw-3]. 

  

The new novel semiconductor sensor structure – Photonic Mixer Device  – has being 

developed based on the creative idea of Prof. R. Schwarte, on the institute of signal 

processing of university Siegen, Zentrum fuer Sensorsysteme (ZESS) and later on S-
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TEC GmbH since 1997. Due to its unique operation principle of performing 

simultaneous mixing and charge integration procedure in the photosensitive area of the 

PMD, it offers an excellent solution to overcome the most typical difficulties in the 

conventional 3D-ranging system design with CW-modulation. Each smart PMD pixel 

itself is an independent ranging unit, in ability of delivering the range related information. 

The characteristic of easy integration of PMD pixels into a PMD line or PMD matrix 

allows the realization of compact, flexible, fast and robust low-cost 3D TOF solid-state 

ranging systems.   

 

3.1 General description of PMD principle 

The PMD is a surface channel semiconductor device which is in principle comparable to 

CCDs in the charge transfer mechanism. The cross-section of a simplified two 

modulation gates PMD-structure, realized based on standard CMOS technology, is 

shown in Fig. 3.1. The two conductive and transparent MOS photogates build the 

optical sensitive zone of PMD for receiving RF-modulated optical signals. Adjacent to 

them are two reverse biased (n+p) diodes with common anodes on the ground potential 

for charge sensing. If the push-pull modulation signals of arbitrary waveforms (e.g. 

sinusoidal, square waves) are applied to both electrodes connected on the photo gates, 

the potential distributions inside the device function like a seesaw, resulting in a 

balanced mixing effect, where the photo-generated charge is separated and moved to 

either the left or the right in the potential well. The average photo current is then sensed 

out by the on-chip integrated readout circuit. 

 

The photo gate is also known as MOS diode or MOS capacitor, which can be located in 

accumulation, depletion or inversion mode, according to the applied photogate voltage 

[Sze]. If at the moment the photogate is biased with a positive voltage, a depletion zone 

appears underneath the photogate. Under the equilibrium condition, the minority 

carriers, here the electons for p-type substrate, drift to the semiconductor surface and 

build there an inversion layer. This assumption is usually valid for MOS transistor but 

not suitable for PMD. Similarly to CCDs, PMD operates in a dynamic process, which 

means the photogates of PMD work in the deep depletion mode, as shown in Fig. 3.2a. 

This occurs at the beginning that the voltage is applied to the gate. Since the minority 
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carriers can not follow the abrupt changes of the gate signal at this moment, the 

depletion region extends deep into the semiconductor resulting in a deep space charge 

region, until the equilibrium condition is restored after the relaxing time (usually several 

10 ms). Because PMD works normally with very high frequency (i.e. from some 10 MHz 

to several 100 MHz), the signal applied on the modulation gate of PMD changes very 

fast so that the gate remains at non-equilibrium state during the whole process. The 

relation of the gate voltage V  and the surface potential G sψ  in the case without any 

illumination is given by equation (3.1) [Xu-1] 

 s
ox

sAs
FBG C

qN
VV ψ

ψε
+=−

2
       (3.1) 

with V  the flat band voltage,  the element charge,  the acceptor state density and 

 the capacitance of oxide. 

FB q AN

oxC

 

   (a)          (b)         (c) 

Fig. 3.2 Band model of a typical MOS diode (capacitor) in p-silicon in different 

modes: (a) deep depletion, (b) weak inversion after integration of optically 

generated photoelectrons, (c) strong inversion – saturation of photogate [Teu]. 

 

If there exits available free carriers (electrons), they can be then collected in the space 

charge region evolved below the gate. With the increasing of the charge stored in the 
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space charge region, the surface potential decreases. Compared to CCD, however, the 

generated charge would be shifted very fast to the readout port due to the high 

modulation frequency of PMD. The available free carriers (electrons) for PMD are either 

optically (optical signal) or thermally (dark current) generated charge.   

 

3.2 PMD charge transfer process 

With the optical generation of electron hole pairs, free charge carriers become available. 

The electron-hole pairs are separated in such a way that the minority carriers (electrons 

in our case) drift to the semiconductor surface while the majority carriers (holes) are 

rejected into the bulk. Since the push-pull signals are applied to the gates of PMD, a 

gradient of the surface potential distribution in the active optical area of PMD is built 

along the charge transfer direction, which switches from one side to the other with the 

modulation frequency f0. Fig. 3.3 shows the simulated 3D-potential distribution over the 

whole device at three typical situations under the control of modulation signal applied on 

the modulation gates of PMD.  

    (a)       (b)     (c) 

Fig. 3.3 Simulated 3D potential distribution of a typical 2G-PMD structure under the 

control of modulation signal applied on the modulation gates of PMD. (a) ua=U0+um and 

ub=U0-um , (b)  ua=ub=U0 , (c) ua=U0-um and ub=U0+um [Frk]. 

 

Three mechanisms are involved in the charge transfer process of the PMD, which are 

listed as follows [Xu-1][Bux-3]: 
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• Self-induced field drifting  

• fringing field drifting 

• Thermal diffusion 

 

The self-induced drifting is caused by the field generated due to the inhomogeneous 

distribution of the carrier concentration. This transfer mechanism can only be important 

for the case that the local carrier concentration is relatively high, e.g. in CCD sensors. 

Its contribution for the charge transfer in the PMD operation, however, is not expected 

to be large. Because of the high modulation frequency, there is only a little charge 

accumulated in the potential well, which is permanently sensed out by the readout 

circuit. Therefore, the self-induced field in PMD is, compared to CCD, much weaker, 

even under the exposure with extremely high illumination. The other two processes 

dominate mainly the transfer of generated charge in PMD operation. The thermal 

diffusion effect plays an important role at the beginning of the charge transfer, 

compared to the fringing field which arises from the potential distribution in the active 

optical area due to the applied voltage swing on adjacent modulation gates of PMD [Xu-

1].  

 

Assuming that the RF-modulated optical signal of the same frequency as the PMD 

modulation signal, with a full modulation depth of 100%, is set in phase with the 

modulation signal on the left PMD gate am (0° phase shifting). In the half period that the 

optical signal is exposed to the optical active area, the photo generated charge drifts 

mostly to the left due to the surface potential distribution as shown in Fig. 3.3a, which is 

further coupled to the corresponding readout diode. In case of the light signal setting in 

phase with the right PMD gate bm (180° phase shifting), the most generated charge 

moves to the right potential well (Fig. 3.3c). For a phase shift of 90°, the charge drifts to 

both sides and sensed by both diodes are just the same (Fig. 3.3b). Being the average 

photo currents from the both readout diodes ai  and bi  respectively, it is apparent that 

both currents ai  and bi  are the function of the phase delay of the modulated optical 

signal referred to the gate modulation signal. If we consider that this time delay of the 

light td is related to the distance to the target, the relations between the outputs ai  and 

bi  of PMD and the optical signal can be then represented by equation (2.8). The sum of 
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the outputs ( ai + bi ) gives the total photo current corresponding to the optical intensity, 

while the differential output of both ( baab iii −=∆ ) stands for the correlation product of 

the reflected optical signal and the reference signal. Fig. 3.4 shows the measured 

outputs of a PMD test pixel with the phase delay of optical signal corresponding to 0°, 

90° and 180°, referred to the PMD reference signal, respectively. 

 

Fig. 3.4 PMD output signals Ua and Ub referred to the phase

signal at (a) 0°, (b) 90° and (c) 180° respectively. PMD test c

No.1.2-Z3.  fmod = 40KHz. Squarewave modulated. 
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3.3 Transfer characteristic and frequency limitations of the PMD 

As an electro-optical modulator (EOM), the transfer characteristic of PMD is one of the 

important norms for judging the PMD performance concerning the linearity and the 

charge separation efficiency, in dependence on the frequency and the amplitude of the 

gate modulation voltage. Different from the definition of the transfer characteristic of 

such conventional EOMs as Pockels cells, which is the ratio of the output intensity of 

light to the input intensity of light [He-1][Scw-4], the output of PMD is no longer an 

optical signal while its input is still the same. To compare the output with the input of 

PMD, the optical input needs to be converted to the electrical quantity. The transfer 

characteristic of PMD is defined by the following equation [Scw-5][Xu-1] 
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in which G(x) is the electron-hole generation rate at distance x from surface of the 

semiconductor and Qs the signal charge under the modulation gate of an area A and the 

modulation frequency f. 

 

As can be seen in Fig. 3.5, an absolute 100% of separation of the generated charge is 

in practice not possible due to the surface potential distribution in the optical active area 

of PMD and the charge transfer inefficiency, since the charge transfer is forced in the 

operation to be terminated within the modulation period fTam 1=  that is normally much 

shorter than the relaxation time [Xu-1]. If the modulation frequency becomes extremely 

high, the generated charge can not follow the changes in the surface potential 

distribution. The maximum frequency should be limited with the carrier velocity that 

tends to its saturation velocity νsat in the semiconductor. The cut-off frequency of PMD 

can be proximately predicted by equation [Bux-1] [Xu-1] 
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where µn is the carrier mobility, L the total channel length of PMD and Ef the fringing 

field which is defined by 
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with the depletion depth W, the gate length l , the thickness of the oxide  and the 

voltage swing applied to the modulation gates. As illustrated in Fig. 3.5, given a voltage 

swing and oxide thickness, a PMD with a long channel length has longer transfer time 

than short channel PMDs, therefore lower cut-off frequency [Xu-1]. From this point, the 

finger structure PMD offers an optimal solution [Scw-6] [Xu-1]. With its comparable 

optical active area and short channel length it increases not only the operation 

frequency of PMD at similar light sensitivity but also minimized the lateral sensitivity and 

asymmetrical effect in the optical active area, as measurement results shown later in 

the following chapter.  

oxd

     

(a)      (b) 

Fig. 3.5 Charge transfer inefficiency of PMD (a) and the operation frequency 

dependent on PMD channel length (b) [Xu-1]. 

 

3.4 Readout technique of PMD  

The charge sensing of PMD can be realized in principle either by using current-sensing 

technique or voltage-sensing technique. Similarly to the imaging sensing arrays (e.g. 

CCD or CMOS), the readout circuits can also be integrated on chip directly in the near 
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of the PMD structure, forming an active pixel, allowing the realization of PMD sensing 

array with help of the modern CMOS-technology.   

 

Fig. 3.6a shows a typical current sensing circuit of the PMD [Scl]. The photo generated 

charge accumulates in the extern capacitance CA. The voltage of the readout diode is 

steady fixed to an constant potential through the feedback loop composed of transistors 

T1, T2 and T3, so that the mixing process in the optical active area is not influenced 

during the whole integration period. It performs also the conversion of the generated 

photo charge to the voltage . The output of the sensing circuit at the end of an 

integration period T

outU∆

int is given by 
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where CG is the equivalent gate capacity of the following readout buffer. 
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(a)      (b) 

Fig. 3.6 The typical applied readout techniques for PMD. (a) The principle of 

current sensing technique. (b) The typical voltage readout technique.  

 

The voltage sensing technique is the most frequently used readout technique in the 

CCD sensors and in the APS-CMOS sensors as well. The voltage sensing is also called 

floating diffusion technique,  as illustrated in Fig. 3.6b,  since the charge is collected, in 

addition to the extern capacitance, also on the diffusion capacity of the readout diode 

that is however voltage dependant during the integration period. The sensed voltage 
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sU∆  can also be determined by equation (3.5), in which the gate capacity C  is alone 

that of transistor T

G

A. 
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 techniques have their advantages and drawbacks. The current 

as higher linearity in the output which depends merely on the 

ration capacitance, while the performance of the voltage sensing is 

d by the non-linear behavior of the capacitance-voltage 

ed voltage of the readout diode in the current sensing circuit 

ing process being not affected over the whole integration time. But 

g, the potential of the readout diode varies during the integration, 

ces the PMD mixing process through interfering the potential 

ptical active area, causing some non-linear distortion. As main 

rent sensing concept presented in Fig. 3.6a is the relative low 

ion of the maximum modulation frequency of PMD due to the slow 

 voltage sensing, in comparison, there is no such problem. Since 
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the PMD is compatible to the CMOS technology, single PMD pixels can be easily 

integrated into a PMD sensing array with the modern CMOS-technology nowadays, 

leading to smart 3D-camera systems with high quality, as illustrated in Fig. 3.7.  

 

3.5 Measurement of the phase and TOF information using PMD 

As already discussed in the previous sections, PMD offers an excellent solution for 3D 

TOF ranging system. This new concept overcomes the typical drawbacks of 

conventional TOF ranging systems with its unique features of balanced electro-optical 

mixing function and simultaneous integration of the signal charge generated in the 

photosensitive area of the PMD. Since the correlation process occurs in the PMD 

photosensitive area, only readout circuitry of low bandwidth is necessary, which is easily 

integrated together with PMD as on-chip periphery. This extremely simplifies the design 

of the 3D ranging systems using PMD as key component. In the following we list some 

typical ranging system concepts based on the PMD technology. 

 

• PMD ranging system with CW – modulation 

The CW-modulation is the widely used modulation technique applied in the TOF 

measurement systems. The configuration of such ranging systems based on PMD is 

considerably simplified. In addition to the phase shifting modulation technique (quasi-

heterodyne technique), which has been discussed in the previous sections, other CW-

modulation methods such as the so called heterodyne modulation method is also an 

often used technique, in which either the PMD or the optical signal is modulated with 

changing frequencies [Xu-1]. Fig. 1.1 shows the configuration of a 3D PMD-ranging 

system using phase shifting CW-modulation. Based on at least three measurements the 

distance information of each pixel can be obtained according to the phase evaluation 

algorithm. Although arbitrary signal forms can be used in the CW-modulation, 

squarewave and sinewave are still the most applied modulation signals in practice.  

  

• PN - modulation 

The pseudo-noise (PN) sequence modulation technique is an important method both for 

ranging and communication systems [Li][Scw-2]. The most significant feature of PN 

modulation is its anti-interference capability and for the distance measurement the large 
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unambiguous range, in contrast to the CW – modulation. Fig. 3.8 shows the output 

signals of PMD in case of 15-bit PN-modulation. The discriminator function of PMD can 

be obtained based on two measurements, one in phase and one with one bit delay TB, 

the phase delay td referred to the distance of target is proportional to the amplitude of 

output in the first bit, which is given by 
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Fig. 3.8 PN-modulation and the PMD output. (a) Ideal 15bit PN sequence, (b) 

the ideal correlation outputs of PMD and (c) the discriminator characteristic and 

the intensity value of PMD.  
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• PMD ranging with phase locking technique  

In a real system the influences of noise sources, the band-limit as well as the non-

linearity of the system must be taken into account. The correlation output of the PMD 

will not look like that shown in Fig. 3.8, rather more or less distorted. The accuracy of 

distance evaluation according to equation 3.6 might not be acceptable in some distance 

range due to the distortion. Fig. 3.9 shows a discriminator characteristic of PMD under 

influences of noise disturbance and non-linear distortion.  
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Fig. 3.9 The discriminator characteristic of PMD in case of band limitation and 

non-linear distortion.  

 

Instead of solving directly the time delay td as described above, a number of 

sophisticated ranging methods based on the phase locking techniques which have been 

mostly used in laser radar systems can be adapted for the PMD ranging system. An 

attractive solution of PMD ranging systems, the so-called PMD-PLL, is based on  the 

principle of phase locked loop (PLL), where the differential output of PMD can be 

directly used to drive the VCO, which in turn offers the corresponding modulation signal 

of PMD, to the lock-in point, representing the phase delay of the back scattered optical 

signal. According to its structure, such PMD ranging system can be configured as open-

loop PMD-PLL system [Rin-1][Rin-2] or closed loop system [Bux-4][Klein]. Fig. 3.11 

shows the block diagram of the PMD-PLL ranging system. The measurement accuracy 

 



36 Photonic Mixer Device (PMD)  

of the system is dominantly dependent of the lock-in precision of the PLL. The most 

significant advantage of this concept is the possibility of on-chip integration of PLL with 

PMD, offering another 3D PMD ranging solution. Another variant is the PMD-DLL 

ranging system based on the Delay Locked Loop (DLL), in which, similarly to the PMD-

PLL, the phase of the PMD modulation signal is permanently locked into the zero-

crossing of the wavelet of PMD [Bux-2]. The use of modern phase shifting techniques 

such as direct digital synthesizer (DDS) in the DLL ensures the high measurement 

precision.    
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Fig. 3.10 Block diagram of the PMD-PLL ranging system [Rin-2] 
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4 Characterization of PMD pixel performance 

In this section we report the experimental results for the different PMD structures. The 

measurement results give a quantitative description of the typical properties of PMD, 

which is the reference for further PMD investigation and redesign. The measurement 

provides also the specification for the PMD application.  

   

4.1 Measurement setup, expectations and predictions 

• Optical measurement setup 
Fig. 4.1 shows the optical setup for the measurements of the PMD test pixels. The PMD 

test chip is mounted on a XY-plate. The position of a PMD pixel can be finely adjusted 

either manually or by means of a computer controlled high precision positioning 

nanomover. As the light source, a laser (or LED if necessary) module is used for the 

illumination of the PMD. The light beam is exactly focused through a pinhole and the 

lens system on the optical active area of the PMD, with a large adjustable range of 

optical power. By changing the illumination intensity and the size of the light spot, the 

total optical power exposed to the optical active area of the PMD pixel can be controlled 

as required for different measurements.  

  
(a)       (b) 

Fig. 4.1 Measurement system for PMD specification: (a) The optical setup for 

illumination of PMD. (b) The data acquisition, control and evaluation setup of PMD.    
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The modulation of the light signal and the demodulation signals of the PMD are 

generated by two square wave generators of high quality. The phase shifting, the 

amplitude, the frequency, the duty cycle and the rising/falling edges of the output 

signals can be adjusted in a large range. The analog outputs of the PMD are sampled 

using a 12 bit A/D converter. Fig. 4.2 shows the configuration of the PMD pixel 

measurement system.  Both signal generators are synchronized with each other. One of 

them is controlled by the host computer through the GPIB interface. Using the strobe 

out of the signal generator as the reference signal, the timing module generates the 

necessary control signals for the PMD read out circuit and the sampling module that 

accomplishes the digitizing of PMD analog outputs automatically. The integrated control 

software allows an easy modification of all parameters and therefore rapid 

measurements, either automatically or manually.  
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Fig. 4.2 Block diagram of the PMD pixel measurement system. 

 

The optical power of the pixel illumination is controlled through the corresponding 

neutral density filters or the polarization plates, rather than the direct light density control 

by using electrical methods, e.g. by controlling the amplitude of the modulation signal of 

the laser module. This ensures a very flexible and accurate adjustment of the optical 

intensity without introducing additional phase errors in the RF-modulation signals.     
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• Optical input and PMD modulation signals 
The optical signal is square wave intensity modulated. To ensure the correct and 

reliable evaluation from the measurement results of the PMD, stable modulation signals 

of high quality are required. The applied digital signal generator – HP8110A – provides 

a wide range of frequency modulation up to 160MHz and high precision of phase-

shifting.  Compared to the digital signal generator, it is quite more difficult to get the 

modulated optical output satisfying the requirement within the whole modulation 

frequency range. Fig. 4.3 shows the measured modulated optical output signal of an 

635 nm laser module used in the experiments and the corresponding demodulation 

signals of PMD, as reference, for different modulation frequencies. 
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One can see from the measurements that the fluctuation in the frequency band of the 

laser module leads to a distortion of the square wave signal and worse modulation 

depth for lower frequencies. So for the measurement of PMD in low frequency range 

another laser module was applied. Due to the low-pass characteristic of the applied 

laser module the optical output signal looks gradually sinusoidal for frequencies at the 

higher end (i.e. for fmod > 100MHz).  

   

Like many other laser diode modules, the total optical output power of the light source 

applied in the PMD measurements can not remain constant within the whole frequency 

band. The optical power reached an maximum at  fmod ≈ 2MHz and maintained nearly 

unchanged for higher modulation frequencies, where the most measurements were 

performed for the PMD specification. As described in the previous section, additional 

optical filters were used between the optical light source and the PMD test chips, 

ensuring a precise and flexible adjustment of the required optical power for the pixel 

illumination. This makes the measurement relatively independent of the optical 

performance of different light sources applied for modulated illumination in the 

measurement. 

 

4.2 The spectral responsivity 

As a semiconductor device, the spectral responsivity of PMD depends on many factors. 

Firstly, the absorption coefficient is dependent of the wavelength of the optical signal. 

For light of long wavelength it has normally a deeper penetration length in the 

semiconductor bulk. Since the PMD is in principle a surface semiconductor device, the 

probability that the generated charge carriers are detected decreases as they are 

generated further away from the surface, an effect leading to lower the spectral 

responsivity. On the other hand, for the optical signals with very short wavelength, the 

absorption of photons occurs already in the covering thin-film layers (passivation layers 

and polysilicon layers) resulting in weak responsivity towards blue light and UV. In 

addition, the thin-film multi-layer structure can cause the interference effect in certain 

wavelengths, resulting in the spectral response fluctuation.  
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Fig. 4.4 The measured spectral responsivity of a typical PMD pixel realized in 

CMOS-technology. Test pixel: STP20-2F-No.7-T2. The PMD modulation 

frequency: fmod = 20MHz. trise = tfall = 4ns. 

 

The measurement was carried out based on a PMD test pixel with finger structure 

fabricated from the T2 – process. The spectrum analyzer [INS] was used to generate 

light of the required wavelength in a range of form 400nm to1100nm, based on a white 

light source coupled to the instrument. The quantum efficiency of PMD referred to the 

wavelength of the light can be calculated due to both the optical power of illumination 

and the correspondingly generated photo current 
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where Popt is the measured optical power referred to different wavelength and iPMD the 

total generated average photo current which can be obtained according to the 

measured output voltage at both output channels A and B of PMD 
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in which Cint is the integration capacity of the PMD pixel, G the gain factor of the 

corresponding readout driver, ∆Ua and ∆Ub the outputs of PMD at the end of the 

integration time interval Tint. The measured results of a PMD pixel was illustrated in 

Fig.4.4. As mentioned above, one can see the interference peaks appeared in the 
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measured spectral responsivity curve. Based on the measurement result, the laser 

modules with the wavelength of λ = 635nm was selected for the specification of PMD. 

 

4.3 Transfer characteristic of PMD 

As already discussed in section 3.3, the transfer characteristic describes the charge 

handling capability of PMD, as well as the modulation linearity and modulation dynamic 

as an eletro-optical modulator on the other hand. Since the outputs of the PMD are 

proportional to the input optical power under the same integration time condition, which 

is directly measured in the experiment, the transfer characteristic corresponds to the 

ratio between the outputs of PMD and its modulation gate voltage. In the experiments 

the optical sensitive area of the pixel was exposed to a constant illumination. Both the 

outputs ∆Ua and ∆Ub of PMD were measured as the amplitudes of the gate modulation 

signals varied step by step from 0V to 0.8V, with an offset voltage set at Uoffset = –0.45V. 

Fig. 4.5 shows the typical output signals of PMD at a modulation frequency of 20 kHz. 

The measurement results based on a 60µm two-gate PMD test structure and an 

optimized short-channel PMD finger structure are illustrated in Fig. 4.6. The output of 

the PMD was normalized due to the fact that the total generated charge of PMD 

remains constant.   

Modulation signal

Ua Ub

 

Fig. 4.5 The measured output signals of a PMD pixel under the modulation 

frequency of fmod = 20 KHz. 
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From the results it can be seen that an area of high linearity appears in the middle of the 

curves where the outputs of PMD keeps quasi-linearly the changes of the modulation 

amplitude. With the amplitude of modulation of approximately 500mV the PMD reached 

the maximum charge separation efficiency. Further increase of the amplitude of 

modulation signals has not longer contribution to charge transfer ability of PMD. The 

high charge separation capability of PMD under small modulation signals leads to high 

sensitivity of the new device, compared to the other EO modulators. The results keeps 

very good with the expectations and the simulations in the previous researches [Xu-1] 

[Bux] [Fri].  
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(a)      (b) 

Fig. 4.6 The measured transfer characteristic of different PMD test pixels: a) the 

measured curve of a 60x60 µm2 2-gate PMD. b) The measurement of the PMD 

pixel with 17.5 µm finger structure.  

 

The fact that the maximum charge separation doesn’t reach the limit of 100%, as have 

been discussed in the previous sections, is mainly due to the surface potential 

distribution in the optical sensitive area of the PMD, as shown in Fig. 3.5. Independent 

of the modulation frequency and signal forms, there is permanently a little amount of the 

total generated charge flowing to the adjacent connected readout diode, resulting in an 

inefficiency of charge separation. Further reasons might be e.g. charge diffusion and the 
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dark currents of PMD and the effects of corresponding readout circuits [Scw-5][Xu-1]. 

Although the two-gate PMD structure shows, as depicted in Fig. 4.6a, relative more 

effective charge separation, one should keep in mind that not only the modulation 

amplitude but also the modulation frequency has influence on the transfer characteristic 

of PMD, as already mentioned before. And the latter is more important since the TOF 

ranging requires normally rather high modulation frequencies. Compared to the short 

channel PMD, its modulation performance could be restricted at high frequency since 

the transfer efficiency in this case is much lower due to the longer gate length. In 

addition the larger modulation gate of PMD leads to a high lateral sensitivity. 

Inhomogeneous illumination causes unsymmetrical output signals which introduce a DC 

offset, however, this lateral effect can be compensated using the PMD finger structure.  

   

4.4 Modulation contrast and dynamic range of PMD 

The modulation contrast of the PMD is another important feature judging the 

performance of the charge separation in the PMD. It describes the maximum charge 

separation capability of a PMD structure which can be obtained, without consideration 

of such factors as non-linearity and asymmetry. In optics the modulation contrast is 

defined as follows: 
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minmax

II
II

K m +
−

=          (4.1) 

For PMD, the outputs at the end of the integration time present a direct measure of 

PMD. The modulation contrast is similarly defined as: 

 
minmax

minmax

UU
UU

K PMD ∆+∆
∆−∆

=         (4.2) 

Here ∆U is the measured difference between the reset voltage and the corresponding 

output of PMD at the end of the integration. We remind that the modulation signals 

applied to the PMD gates are push-pull square signals, which means, if the output in 

one of the PMD output ports A and B reaches the maximum, the minimum will arrive at 

the same time in another channel. With consideration of the possible asymmetrical 

effect caused by inhomogeneity of illumination and the duty cycle of the modulation 

signals, the contrast is evaluated based on two measurements, one with 0° phase 

shifting and one with 180° phase shifting. Equation (4.2) is then modified by  
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with ∆Ua(0°) and ∆Ub(0°) defined as the outputs of both PMD ports A and B, when the 

modulated light signal is in-phase with the signal at gate A, and ∆Ua(180°) and ∆Ub(180°)  

as the corresponding outputs of PMD when the optical signal and the modulation signal 

of the gate A are out-phase. 

 

Instead of directly measuring the incident optical power each time, we use the 

averaging constant photo current which can be easily obtained in the experiments. The 

photo current is calculated according to equation 4.4 
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⋅
°∆⋅

=
int

int )90(          (4.4) 

in which  the output of PMD for the case of 90° phase shifting of the signal on 

gate A over the integration interval T

)90( °∆ aU

int, referred to the modulated optical signal. For a 

given modulation frequency , equation (4.4) can be calculated as follows: 0f
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int

0int )90(         (4.5) 

with  the corresponding integration periods at the integration time interval TintN int. In the 

following sections the influences of several factors such as the modulation frequency, 

intensity of the illumination and signal forms etc. on the performance of PMD will be 

discussed based on the results of the measurements.    

 

4.4.1 Frequency characteristic of PMD 

Frequency characteristic of PMD defines the relation between the modulation 

performance of PMD and the modulation frequency. It is apparent that higher 

modulation contrast contributes to a better phase accuracy which leads to higher 

distance accuracy, as discussed later at the last part of this document. In this 

measurement the modulation frequency was changed step by step while the optical 

intensity of the pixel illumination was set fixed at the value that corresponds to an 

average photo current of nAi 3= , which was calculated by using equation (4.5) when 

both outputs of PMD were, after the same integration period Tint, also fixed, i.e. 
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ba UU ∆=∆ =  in the case of 90° phase shifting, as described above, during the 

whole frequency range. Since the optical power of the laser varies in the frequency 

range as mentioned previously, the incident optical intensity should be adjusted each 

time through additional optical filters before the measurement is started.  

)90( °∆U

 

The measured curves for a typical two-gate PMD pixel with 60µm gate length and a 

PMD 17.5µm-finger structure are presented in Fig. 4.7. As one would expect, though 

the simple 2-gate PMD pixel of large modulation gate reaches a high modulation 

contrast at low modulation frequency, the modulation contrast breaks down very quickly 

as the frequency increases due to its long channel length. In comparison, the finger 

structure PMD pixel with the shorter channel has relative constant modulation contrast 

over a large frequency range, the –3dB frequency is about 150MHz, neglecting the 

influences of the signal form distortion of the optical and demodulation signals, as 

shown in Fig. 4.3. This is of essential importance for the distance measurement with 

CW- or PN-modulation techniques, since the large modulation contrast and the high 

modulation frequency ensures both the distance accuracy and resolution.     

 

 
Fig. 4.7 PMD modulation contrast versus frequency.  

  

4.4.2 Influence of the optical intensity on the PMD performance 

The optical reflection from the targets varies in the practice very strong due to the 

surface characteristics of the materials. As the key component for the optical ranging 

sensors, the behavior of the PMD under different illumination conditions needs to be 
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studied. Different from typical image sensors, the PMD gives not only the information of 

the reflected intensity (gray tone) but additionally the phase information. The modulation 

contrast is the judgment of the PMD performance under different illumination conditions. 

Similarly to the measurement of the modulation contrast vs. frequency, the PMD pixel 

was exposed directly to the modulated optical signal, which simulates the reflected 

optical signal. The optical intensity is controlled by the corresponding optical attenuation 

filters. The modulation frequency is fixed at f0 = 20MHz and other parameters remained 

the same as in the frequency measurement described in the last section. Instead of 

measuring the optical power directly, the average photo current was measured based 

on the PMD outputs. Fig. 4.8 illustrates the measured results of a PMD test pixel with 

finger structure.  
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Fig. 4.8 Modulation contrast of PMD vs. photo current.  

Testchip: STP17.5-2F-SG-No.2-Z3. Modulation frequency: f0 = 20MHz.   

 

We see that although the intensity of optical illumination has also influence on the 

modulation contrast, the PMD pixel delivers still an excellent performance even at 

extremely week illumination. The modulation contrast of PMD suffers only a declination 

of about 11% at an optical attenuation of over 100dB.  
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4.4.3 The correlation characteristic of PMD 

As have been discussed in the last chapter, the PMD is an eletro-optical mixer that 

performs the correlation of the back scattered RF-modulated optical signal with the 

PMD modulation signal. Since both the optical RF-signal and the demodulation signals 

are based on the same signal source, the outputs of PMD can be considered as the 

product of the auto-correlation of the modulation signals. It is a function of the phase 

delay induced by the distance of the object. This function gives a direct description of 

the influences of such factors as system non-linearity, band limitation and signal form 

distortions. For an ideal PMD without such limitations, the auto-correlation function has 

a form of sinusoidal function if both the illumination and the PMD are sinewave 

modulated, and a form of trigonometric function for square wave modulation.  
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(a)    (b)         (c) 

Fig. 4.9 The measured curves of a finger structure PMD pixel STP-17.5-2F-SG-

No.2-Z3. (a) The outputs of PMD at a modulation frequency of 20 kHz, (b) the 

measurement at  20 MHz, and (c) the measured curve of PMD at 60 MHz.  

 

In the experiments, the measurement condition was kept the same as in the 

measurements described above, with exception that the phase delay of the optical 

signal was simulated by incrementally changing the phase shifting of the modulation 

signal. The curves were measured with different modulation frequencies. The results of 

a PMD test pixel with finger structure at the modulation frequencies of 20 kHz, 20 MHz 

and 60 MHz respectively are presented in Fig. 4.9. The different initial phase offsets 

shown in the graphics are due to intrinsic additional phase delays induced from the 
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connected cables and filters in the measurement system at different frequencies, as 

already mentioned in the previous sections.  

 

We see that the correlation result of the PMD at low frequencies in case of square wave 

modulation shows the exact trigonometric form. The differential output of PMD contains 

a linear relation with the phase delay of the optical signal within the range of 2π. With 

the further increase of modulation frequencies, however, the correlation performance of 

the PMD will be more and more attenuated due to the band limitation of the PMD. The 

correlation curve of PMD at a high modulation frequency comes gradually to the form of 

a sinusoidal function, since the contribution of high order harmonic terms decreases 

considerably, as depicted in the measured result of PMD pixel at 60 MHz. The linear 

region of the correlation curve is much more restricted than in the cases of lower 

modulation frequencies. 
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Fig. 4.10 The correlation results of the PMD pixel measured with sinusoidal and 

square wave modulations at 20 MHz and iphoto = 1nA. The optical signal was, 

however, squarewave modulated in both cases. The initial phase offset is caused 

by the low-pass filter. 

 

With reference to the square wave modulation, we measured the correlation output of 

PMD in another experiment, letting only the modulation signal at the modulation gates 

of PMD sinusoidal modulated and the optical signal remaining further square wave 
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modulated. The results of measurement are presented in Fig. 4.10. The measured 

curve has the same form of a sinusoidal function that is the same as in the case of 

sinusoidal modulation on both the optical and the PMD sides. This is quite easy to 

understand. The Fourier expansion of the square wave optical signal can be explained 

as 
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Compared to equation (2.10), we see that all even coefficients na′  and all b  in the 

expansion are zero. In case of sinusoidal modulation at PMD gates, so only the DC part 

and the coefficient of the fundamental harmonic remain in equation (2.9), resulting that 

all the high order terms of harmonics disappear in the RF-interferogram described by 

equation (2.15), i.e.  

n′

  for all n          (4.7) 0=nM 1>

This result is in the practice very interesting for the distance measurement using phase-

shifting method, in which LEDs and laser diodes are usually used as light source. Firstly 

the square wave modulation of LEDs or laser diodes is easier to realize than the 

sinusoidal modulation and secondly a large modulation depth of up to 100% can be 

reached. Since the contribution of high order harmonic waves do not appear in 

correlated outputs of the PMD, so just a 4-phase shifting method could satisfy the 

requirements in the most 3D-ranging applications, where the time consume of the  

corresponding data processing, measurement rate, and the hardware cost would grow 

drastically with increasing dimensions of the sensing array. 

 

4.4.4 Lateral effect and unsymmetrical modulation of PMD 

In this section we present the measurements showing the influence of the lateral effect 

on the PMD modulation characteristic, based on two typical PMD structures: the simple 

two-gate PMD and the finger structure PMD. Both PMD structures are illustrated in Fig. 
4.11. The lateral effect may arise in practice from the inhomogeneous illumination, 

strong contrast scene or near the edges of 3D object. In the experiment we simulated 

this situation by placing the modulated light spot at different positions within the optical 

active sensing area of PMD pixel, as shown in Fig. 4.11a. For the two-gate simple PMD 

structure, the change of position of the light spot leads to unbalanced outputs of PMD. 
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The measured correlation curves related to the three light spot positions are illustrated 

in Fig. 4.11 (a1-a4). It is apparent that the lateral effect will induce unsymmetrical 

modulation of PMD, resulting in a DC offset at the discriminator output  of PMD 

which is dependent of the light spot position or inhomogeneity of illumination.  
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Fig. 4.11 The lateral effect and the PMD structure. a-b: The schematic 

presentation of lateral effect. a1-a4: The measurement results of a 2-gate PMD: 

STP60-2S-No.1-T2. b1-b2: The results of the finger structure PMD: STP17.5-

2F-No.2-Z3. 
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This effect is undesirable in the TOF ranging measurement. Although it can be 

eliminated through the multi-phase shifting evaluation algorithm in the ranging system 

based on the heterodyne-modulation technique, as discussed later in the following 

chapters, it may induce distance error in some ranging methods based on the 

localization of zero-crossing. The best solution to overcome this problem is the 

implementation of PMD finger structure. It increases not only drastically the operation 

frequency of PMD, the influence of lateral effect on outputs of PMD is also considerably 

suppressed, ensuring steady symmetrical modulation outputs, as illustrated in Fig. 4.11 
(b1 and b2).   

 

4.4.5 Noise performance and dynamic range 

For PMD the main noise sources are photo generated shot noise, dark current shot 

noise, Trapping noise, KTC noise (reset noise) and flicker (1/f) noise [Xu-1]. Among 

these noise sources the photo shot noise is the dominant noise source in the PMD 

device. Usually the signal to noise ratio SNR and the dynamic range DR are used to 

judge the noise performance of a sensing device. From the engineering point of view, 

the SNR is calculated by  

 )log(20
noise

signal

U
U

SNR
∆

∆
⋅=         (4.8) 

where ∆Usignal is the voltage swing of the output signal and ∆Unoise the rms noise voltage 

at the output. Compared to the signal to noise ratio, the dynamic range DR of imaging 

sensors is usually defined as the ratio of the maximum voltage swing ∆Umax and the 

minimum rms noise floor, i.e. dark noise ∆Udark noise 
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In the practice the dynamic range of PMD is defined as the maximum signal to noise 

ratio that equals  

 )log(20 max
max

noiseU
U

SNRDR
∆
∆

⋅==        (4.10) 

If not taking the noise sources of the readout circuit of PMD into account, the dynamic 

range could be approximately estimated by using the equation [Xu-1] 

 )/log(20)log(20 intmax qCUNDR photo ∆⋅=⋅=       (4.11) 
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with Nphoto the maximum charge to be collected in the total effective integration 

capacitance of PMD Cint. We see that a large voltage swing and integration capacity will 

increase the dynamic range of PMD, but on the other hand, the large capacitance will 

reduce the sensitivity of the photo detection. The maximum voltage swing is typically 

designed in a range of 1~3V. 

 

A precise measurement of the noise performance of the PMD pixel is rather difficult. In 

the measurement, it is not possible to separate exactly the noise sources as mentioned 

above, also the noise sources of the related readout circuits contribute to the measured 

results. Additional noises from the different parts of the measurement system such as 

voltage supplies and signal generators might influence the accuracy of evaluation. 

Nevertheless, the measured results could give an approximation to the description of 

the PMD noise performance after careful experiment preparations. Fig. 4.12 shows the 

measured noise signal at the output of the PMD and the corresponding histogram. With 

the consideration that the noise of the oscilloscope itself is not correlated with that of the 

measured system, the measured standard deviation of the total noise signal is 

measured at about 0.64mV. The measurement condition and the test pixel are just the 

same as in the contrast measurements. The measured dark current of the PMD pixel is 

Idark = 0.13pA. Referred to the obtained results, the dynamic range of the test PMD pixel 

corresponds to DR = 71dB.  

  

Fig. 4.12 The measured noise signal superimposed on one output channel of PMD.  
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Similarly to CMOS imaging sensor, the fixed pattern noise (FPN) due to the non-

uniformity of the pixels and periphery circuitry is also typical for PMD, which can be 

eliminated by using the so called correlated double sampling (CDS) technique [WeGu]. 

As demonstrated later in the discussions in this thesis, the FPN noise, similarly to the 

asymmetry effect induced from the inhomogeneous pixel illumination, could be directly 

suppressed in the distance measurement based on the multi-phase shifting evaluation 

algorithms without additional CDS circuitry, since the FPN noise of an PMD pixel 

remains nearly unchanged from different reset frames, which can be considered as DC 

part in the PMD output. Fig. 4.13 shows the measured result of the FPN of a PMD line 

sensor with 24 PMD pixels. 
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illumination contributes to the common part in the PMD output signals due to the 

balanced mixing functionality of PMD and can be then completely eliminated from the 

differential output of the PMD. On the other hand, the presence of the background 

illumination will reduce the dynamic range of PMD which in turn increases the 

measurement uncertainty of the ranging system. This can be explained using the 

concept of modulation contrast. In practice the output signal is usually digitized before 

being further evaluated. Large modulation contrast will increase the accuracy due to its 

larger dynamic range for AD-conversion. Assuming KPMD is the modulation contrast of 

the PMD, as defined in equation (4.2), under additional background illumination, 

however, the equivalent modulation contrast K of PMD is restricted to 

 
optbackground

PMD

PP
KK

/1+
=         (4.12) 

where Popt and Pbackground represent the power of optical modulation signal and power of 

background illumination, respectively. The equivalent contrast decreases with an 

increase of background illumination.  
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of the resulting contrast. Fig. 4.15 gives a measurement result of the first test PMD pixel 

with the SBI functionality. Compared to the result in the absence of background 

illumination, the measured distance in the case of about 20dB background illumination 

shows a distance error of less than 4.5cm. The new concept of MSM-PMD gives a more 

effective solution for suppressing the influence of background illumination. Due to the 

new kind of operation principle of MSM-PMD, both large dynamic and high modulation 

contrast can be achieved [Scw-7][Bux-5]. 
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Fig. 4.15 The suppression of the background illumination of a PMD pixel with 

SBI circuit.  fmod = 20MHz.  

 

4.6 Non-linearity measurement 

All the discussions we made yet are under the assumption that the PMD operates in the 

linear region. In the case of the square wave modulation the correlation function of PMD 

shows the high linearity in a large range of phase delay at a modulation frequency of 

20MHz, as shown in Fig. 4.10. Besides the non-linearity of PMD transfer characteristic 

itself, the saturation of charge collection must be also taken into account. In 3D ranging, 

the reflected optical signal varies normally in a wide range due to the strong image 

contrast and distinct surface characteristics in a 3D-scene, in the worst case over 

100dB. For very strong reflection the integration of PMD drives very quickly into the 
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saturation, resulting in non-linear operation of the PMD. Such situations can be 

simulated in the experiment either through increasing the optical power or the PMD 

integration period. As illustrated in the Fig. 4.16a, the output of PMD is no longer linear 

due to the saturation effect. The corresponding correlation result of the PMD is 

demonstrated in Fig. 4.16b.  
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(a)      (b) 

Fig. 4.16 (a) The output signals of PMD due to the saturation effect during the 

integration period. (b) The corresponding correlation curves of the PMD. The 

correlation result of PMD at Tint=1µs without saturation effect is illustrated again 

as a reference.  

 

We see that the correlation curve of PMD is distorted due to the saturation effect under 

the strong illumination and the distortion is dependent on the optical power or 

integration time. Of course the adaptive integration time control of PMD referred to the 

illumination can ensure PMD from the saturation, but this method is most suitable for 

ranging systems with a single PMD pixel or small PMD line/array. The phase shifting 

methods with the related evaluation algorithm can suppress the contributions of the high 

order harmonic waves significantly to the evaluation results [Xu-1].  

  

Fig. 4.17 shows the measurement results employing the 8-phase shifting evaluation 

method. The distance evaluation was performed by using the corresponding evaluation 

algorithm described in section 2.2. Under the same experimental condition in the 

previous measurements with the illumination unchanged, the outputs of PMD at 

different phase shifting steps were sampled by 12 Bits AD-converter at different 
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integration time points, corresponding to the different voltage levels of the PMD output 

signals shown in Fig. 4.16a. The absolute measured distance value has no meaning in 

this experiment, it just represents the fixed phase delay introduced from the 

measurement system. The result shows very little fluctuation of the distance values at 

different sampling time of the whole integration period. The evaluation based on the 8-

phase shifting method demonstrates the ability of suppressing the influences of the non-

linearity problem induced from the saturation effect of PMD.  
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Fig. 4.17 The evaluated results based on the 8-phase shifting algorithm at 

different integration time, under the condition of fixed illumination power, 

corresponding to a photo current of iphoto=5nA. fmod = 20MHz. The outputs of the 

PMD are sampled at different integration time.  

 

4.7 Correlated balance sampling (CBS) 

Finally, we discuss in this section the handling ability of PMD against the optical 

disturbing signals. We have known that PMD performs the correlation of the optical and 

demodulation signals. For a ranging system with CW-modulation, the optical signal is 

normally of the same frequency and the same signal form with the balanced 

demodulation signals on both PMD gates. This is the case which has been discussed in 

chapter two. In practice, the back scattered optical signal from the target includes not 

only the modulated optical signal but also the background illumination which contains 
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not always the DC term (e.g. fluorescent lamp). The influence of such disturbances on 

the PMD outputs should be discussed. 
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Fig. 4.18 The correlated balance sampling of PMD. (a) The maximum voltage 

swing of the output channel a of the PMD; (b) the output at the channel b of 

the PMD; (c) the corresponding spectral distribution of the PMD.  

(c) 

(b) 

(a) 

 

Because any periodic signal can be expanded into a Fourier series of different orders of 

harmonics, as defined in equation 2.9, for the simplicity, we consider the case of both 
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the disturbance and the PMD modulation signals with the form of sinusoidal waves of 

frequencies  and  respectively, as defined by equation 2.4 and equation 2.5. One 

output of PMD can be written by 

1f 0f

 

)]2cos([)]2cos([ 10000 tfaatfaaII mma ππ ⋅′+′∗⋅+⋅=      (4.13) 

 

As mentioned in the discussion of chapter two, the integration period of PMD T∆  is 

usually much larger than the modulation period, i.e. 0/1 fT >>∆ , using the orthogonal 

properties of the sinusoidal functions, we have the output of the PMD over the 

integration period [  ])1(, TkTk ∆+∆
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in which ∆  represents the difference between the frequencies of the PMD 

modulation signal and the optical signal for 

)( 01 fff −=

0ff <<∆ . We see from the expression that 

the output is superimposed with an sinusoidal function that has the frequency 

. Its amplitude is modulated by a si-function, the frequency of which is 

determined by the product of the frequency 

)0f−( 1ff =∆

f∆ and the integration period T∆ .  

 

Simulated result of the PMD is illustrated in Fig. 4.18, where the modulation frequency 

f0 is set by 1MHz and the integration time by 100µs, as the disturbing signal f1 changes 

from DC to 2f0. We see that although the influence of the disturbance of low frequencies 

increases again at both outputs A and B of PMD, it is suppressed considerably at the 

differential output of the PMD. This effect of the PMD is the so called Correlated 

Balance Sampling (CBS). It works, in the frequency domain, similarly to a band-pass 

filter, which reduces the contributions of optical disturbance rapidly, as its frequency  

deviates from the modulation frequency of the PMD. It is obvious that the bandwidth is 

dependant on the integration period of PMD.  

1f
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respectively. We see that the output signals of PMD is now modulated with a sinewave 

of the beat frequency ∆f and its amplitude decreases rapidly with the increasing 

difference between the frequencies of the optical signal and the PMD modulation 

signals. Since the output of PMD is normally sampled at the end of the integration time 

after each PMD reset, so the integration period ∆T represents also the sampling period. 

It is obvious that the aliasing will be induced for Tf ∆>∆ 2/1  at the outputs of PMD due 

to the Nyquist theory.  

 

The measured results, normalized on the maximum amplitude obtained at f0=f1, are 

listed in the table 4.1. As one can see from the results, the superimposed voltage swing 

reduces rapidly with the increasing difference between both frequencies of the sending 

and receiving channels. Since the ranging systems with PMD operates usually in a 

frequency range of some tens MHz or higher, the CBS effect of the PMD can 

considerably suppress the disturbances of low frequencies. 

 

Table 4.1 The normalized voltage swing of the PMD outputs according to the difference 

of both modulation frequencies. The measurement is based on the PMD test structure 

STP-17.5-2F-No.1.2-Z3.   

PMD modulation frequency f0=10MHz. Square wave modulation. 

PMD-test pixel: STP-17.5-2F-No.1.2-Z3 

f∆  [KHz] 1 2 4 6 8 10 12 14 

Amplitude [dB] -7 -13 -21 -29 -30 -33 -38 -44 

 

Both simulation and measurement results have demonstrated the excellent 

performance of PMD against the optical disturbing signals due to the correlated balance 

sampling property of PMD. On the other hand, this effect could also be used for the 

measurement of distance information. The typical method is the frequency shifting 

modulation (homodyne method) [Xu-1], in which the optical signal is modulated with 

different frequencies in a step of f∆ . Through careful selections of ∆ and f T∆ , the 

depth information can be evaluated by using the corresponding algorithm similar to the 

phase shifting method. The relation between the correlation output and the time delay 

of the reflected optical signal is given [Xu-1] by dt



 Characterization of PMD pixel performance 63 

    








++∆+∆
∆∆

∆∆
+Γ= ∑

∞

=

)2)
2
1(2cos()sin(1

1
nd

n
n ntTkfn

Tf
TfMI ϑππ

π
π   (4.15) 

 

As mentioned above, for the CW modulation, if the integration period is short enough, 

i.e. , the sampled output of PMD gives the complete reconstruction of the 

differential signal described by equation (4.15). Fig. 4.20 shows the measured result of 

a 1D-PMD demonstrator by setting the optical signal a frequency shift of 5Hz from the 

PMD modulation signal. Based on this principle, the velocity of the moving target can be 

measured. Assuming both light source and PMD are CW-modulated with the same 

frequency, the doppler-frequency of the moving object corresponds to the beat 

frequency detected at the PMD outputs which can be further evaluated based on the 

sample data [Rin-2]. 
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Fig. 4.20 The differential output of a PMD demonstrator. The integration of PMD 

was set by 900µs. The modulation frequency of PMD was 20 MHz and the 

difference between frequency of the optical channel and that of PMD was set 

5Hz through the DDS phase shifting module. The measured signal frequency at 

the PMD output was 5.19 Hz.   
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5 3D-Imaging cameras based on PMD 

In the previous chapters, we have discussed the PMD operation principle and presented 

the characterization measurements of the PMD pixels. With this knowledge, we 

introduce now in this chapter the time of flight PMD ranging systems based on the 

actually fabricated CMOS-PMD samples.  

 

It is the unique electro-optical correlation property of the PMD device and the easy 

integration of the PMD pixels into a PMD line or array to make the modular design of 

smart 3D ranging systems possible. As one can see, the most functional modules used 

for 1D PMD ranging sensor can be used for the 2D or 3D PMD ranging cameras without 

any modification. This feature of PMD can reduce considerably the cost of system 

designs, which is very important for the product development. In the following sections 

we give first a rough description of the system architecture of PMD ranging cameras 

and then demonstrate the respective function modules of the ranging systems based on 

the PMD device. And finally the results of some typical range measurements of the 

realized PMD sensors will be presented. 

 

5.1 System architecture of the PMD ranging cameras 

The PMD time-of-flight ranging cameras using the phase shifting modulation technique 

in principle consist of following basic function modules: 

 

Optical modulation unit 

PMD front end module 

Phase shifting unit 

Timing control and data processing module 

 

Fig. 5.1 shows the block diagram of the PMD TOF ranging system. The phase shifting 

module (DDS) generates the signals of modulating the optical light source and the 

push-pull signals for the PMD chip. The phase shifting between both signals, which are 

controlled by CPU through the control interface, can be performed either in the optical 

modulation channel or at the PMD side. The microprocessor and corresponding 

periphery supply the required timing pattern for the PMD and perform the digitizing of 
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PMD analog output for further processing. The special software performs the 

synchronization of phase shifting and PMD readout timing, the implementation of the 

multi-phase evaluation algorithm and the output of the obtained target depth information 

for display. 

Channel 1

Channel 2

 
Fig. 5.1 Block diagram of a 3D PMD TOF ranging system using DDS as phase 

shifting module.  

 

5.1.1 Optical modulation unit  

The optical modulation unit generates the optical modulation signal for the illumination 

of the target scene. It consists of the modulated light source and the corresponding 

driving circuit. As the light sources of PMD ranging sensors, the laser diode (Toshiba 

TOLD 9441MC) as well as LEDs (Fietje FQO5502) is used. The laser diode has a 

center wavelength of λ = 658 nm with a spectral bandwidth of about 35 nm. The optical 

power of the laser diode is limited by 1mW, due to the eye safety condition. In 

comparison, the light source using LEDs has no such problems, so for most 3D-scene 

illumination applications, where much more optical power is required in order to get 

enough optical reflection intensity, LEDs are usually used as the light source. The most 
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applied modulation signal forms for the CW-modulation are sinusoidal or square waves. 

Compared to the sinewave modulation, the squarewave modulation is not only easy to 

implement in the practice, but the maximum optical modulation depth of nearly 100% 

can also be obtained, as shown in Fig. 5.2a. Therefore, the optical square wave 

modulation was used in our applications.  Fig. 5.2b shows the measured optical 

modulation signals of the optical module using laser diode and LEDs mentioned above, 

respectively, at the modulation frequency of fmod = 20MHz.   
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Fig. 5.2 (a) Ideal optical intensity mod
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5.1.2 PMD front end module 

The main part of PMD front end module is of course the PMD chip itself. Since the PMD 

performs the optical mixing and integration with its on-chip readout and driving circuit 

the analog low frequency output signals of PMD can be directly digitized for further 

processing, so it doesn’t need very complicated periphery as usually required in 

traditional time-of-fight ranging systems. The main task of the PMD front end circuit is 

the modulation signal level conversions to ensure the optimal operation condition of 

PMD. The digital control signals from the timing module are connected directly to the 

PMD. Special attention to the layout design of the front end circuit should be paid to 

achieve the required low noise performance. Digital switching and power supply noises 

must be limited from coupling with the analog signal and HF-signals. Fig. 5.3 shows a 

realized PMD front end module used for PMD ranging sensors.  

 

 

Fig. 5.3 The PMD front end module which is used for 1D and 2D PMD ranging 

sensors 

 

5.1.3 Phase shifting unit 

For the TOF ranging systems with phase-shifting technique, the phase shifting module 

plays a key role in the system. It supplies not only a signal base of highly precision but 

also the modulation signals both for the light source and PMDs with very flexible, exact 

phase shift possibilities. Two concepts of generating phase shifting signals are 
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implemented in our PMD ranging camera systems: phase-shifting module based on the 

direct digital synthesizer (DDS) technique and fixed 4/8 phase-shifting module using 

digital shift registers. With the DDS phase shifting module one can not only construct 

the PMD ranging system with phase shifting technique but also with frequency shifting 

or chirping technique [Xu-1], or with DLL technique [Bux-2] due to the variety of different 

modulation possibilities. Compared to DDS, the fixed phase shifting circuit generates 

the discrete phase shifts digitally. It can be easily planted to the same chip in the future 

like other peripheral circuits such as addressing and readout circuits, due to its simple 

structure. In the next sections we will give more detailed discussion about the realization 

of phase shifting technique. 

 

 

Fig. 5.4 The control and processing board for the PMD ranging sensor.  

 

5.1.4 Timing control and data processing module 

Because of the on-chip implementation of the peripheral circuitry of PMD, similar to 

CCD and CMOS image sensing chips, the timing control of PMD is drastically simplified. 

For the PMD sensing line as well as arrays, compared to the single PMD pixel, only 

some additional digital control signals for addressing and readout of PMD analog 

signals are required. This feature allows us to use the same control and processing 

module for configuration of different types of PMD ranging sensors. In the current 

realization, an 16bit RISC microprocessor module based on Siemens C164-CPU 

overtakes this role. The on-chip integrated periphery of C164 microprocessor, based on 
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FPGA technique, – the programmable CAPCOM units – allows an easy, flexible 

generation of required timing pattern without any additional hardware, which works 

parallel with the CPU after the programming of the corresponding control registers. The 

developed software synchronizes the PMD integration time, readout frame and the 

phase shifting of the modulation signals. Based on the implemented processing 

algorithm, the distance information detected by each PMD pixel will be evaluated.  

 

5.2 Optical aspect of illumination 

Since the PMD sensor is based on the time-of-flight principle, the active illumination of 

the scene is necessary. It is important to have the knowledge of the relation between 

the optical power of the modulated light source and the optical power collected at each 

pixel in the PMD sensing array. As illustrated in Fig. 5.5, the illumination concepts of the 

target scene are very different according to the applied light sources (Laser or LED) and 

the size of the PMD sensing array (one point, line or array). For light sources using laser 

diode, holographic optical lens (HOE) can be implemented, while the illumination is 

usually achieved directly through the LED array for LED light source. With the 

assumption of homogeneous illumination of the target scene and Lambert reflection of 

the target surface, the optical power of the pixel is given by 

 2
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4R
DGP
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A

P rlensopt

image

pixel
pixel

⋅⋅⋅
⋅=

ρ
        (5.1) 

with Apixel  active optical area of the pixel 

Asensor  total sensing area of the PMD line or array 

Popt  optical power of the light source 

ρ reflectivity of the target 

Glens damping factor of the lens system 

Dr aperture of the lens 

R distance of the target  

 



70 3D-Imaging cameras based on PMD  

 

Light source
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Objective

PMD-Pixel

Target

Distance R

D
DPMD

 

Fig. 5.5 Optical configuration of a PMD ranging camera 

 

One can see from the above relation that receiving optical power is reverse proportional 

to the square of the distance to target, as illustrated in Fig. 5.6a. The intensity 

distribution of the back-scattered light doesn’t depend on the illumination angle in the 

case of Lambert reflection. The reflected intensity decreases with cosine of the 

observation angle with respect to the surface normal. For some object surfaces such as 

Retro-reflectors in traffic signs the equivalent reflection coefficient in certain reflection 

direction can be much larger than 1 (ρ =1 for a white sheet of paper) and the intensity 

distribution is dependent of the illumination angle (see Fig. 5.6b).  

The typical reflection coefficient for Lambert reflectors has the values between zero and 

one (white paper). The reflectivity of some typical diffusely reflecting materials at a 

wavelength of 658nm is listed as following: 

 White paper  up to 100% 

 Gray paper   32%  

 Brown paper   27% 

 Black paper     3% 

All the data are normalized in percent referred to the reflectivity of the white paper. 
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(a)      (b) 

Fig. 5.6 (a) Received optical power versus the target distance in case of Lambert 

reflection. (b) Optical intensity dependent of the observation angle for white paper 

and Retro-reflectors. Sender objective: f = 30mm, D = 30mm; sensing objective: f = 

21mm, D = 20mm; light source: λ = 890mm.    

 

5.3 Phase shift technique 

5.3.1 DDS 

Direct digital synthesis (DDS) is a technique for using digital data processing blocks as 

a means to generate a frequency- and phase-tunable output signal referenced to a 

fixed-frequency precision clock source. It can be practically defined as a means of 

generating highly accurate and harmonically pure digital representation of signals, 

which is then reconstructed with a high-speed digital to analog converter (DAC) to 

provide an analog output signal, typically sinusoidal waves. Although limited by Nyquist 

criteria (up to ½ the frequency of the applied clock reference), the order of milli-hertz or 

even nano-hertz of the phase resolution control can be obtained. 
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Fig. 5.7 The principle of signal flow through the DDS architecture. 

 

The pure digital processing feature of the DDS device allows the very easy and flexible 

software configuration of the DDS functionality. The most operation functions of the 

DDS can be listed as following: 

 

 Phase modulation  

 Binary frequency shift keying modulation (BFSK) 

 Frequency hopping 

 Frequency chirping  

 

As mentioned before, of interest is the phase modulation mode of DDS in the PMD 

ranging applications. The phase modulation of DDS can be realized either through 

internal phase modulation that provides extremely fine phase resolution (up to 232 – 

state phase resolution for the applied DDS module) and external phase modulation 

where extreme phase modulation of fixed phase shift can be implemented through the 

corresponding control port. 
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• operation principle of DDS 

As illustrated in Fig. 5.7, a DDS device consists of register bank, phase accumulator 

(PAC), the sinewave look-up-table (LUT), digital to analog device (DAC) and low/band-

pass filter. The parameters such as phase shifting step or output frequency can be 

dynamically control by using the corresponding register-bank through the I/O -interface.  

The phase accumulator is the core of a highly – flexible DDS device in which a delta 

phase register, an N-bit variable-modulus counter and an accumulator register are 

implemented. The resulting continuously incremented phase values are used for 

accessing the contents (the equivalent sine amplitude words) stored in the LUT. A high-

speed D/A-converter generates then analog sine waveform in response to the digital 

input words from the LUT.  
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Fig. 5.8 Principle of digital sine wave generation. The phase accumulator of 

DDS functions as a digital phase wheel. 

 

• Phase and frequency resolution of DDS 

The phase accumulator in the DDS architecture can be understood as a digital “phase 

wheel” that visualizes the sinewave oscillation as a vector rotating around a phase 

circle, as depicted in Fig. 5.8. Each designated point on the phase wheel corresponds 

to the equivalent point on a cycle of a sine wave form. One revolution of the vector 

around the phase wheel, at a constant speed, i.e. the frequency of the reference clock 

, results in one complete cycle of the output sinewave. The phase accumulator is CLKf

 



74 3D-Imaging cameras based on PMD  

utilized to provide the equivalent of the vector’s linear rotation around the phase wheel. 

The contents of the phase accumulator correspond to the points on the cycle of the 

output sinewave. 

 

The content in the delta phase register forms the phase step size between reference 

clock updates. For a given phase step size Tφ∆ , the output of the phase accumulator is 

presented by 

        (5.1)  
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with . Since the number of discrete phase points contained in the 

“phase wheel”, which corresponds to a complete period of the sinewave 

∞= ...,,3,2,1k

π2 , is 

determined by the word length, N, of the phase register, so the phase step size can be 

defined as   

 MNT ⋅=∆
2
2πφ          (5.2) 

where  represents the binary content of the delta phase register. It is 

obvious that the phase resolution of the DDS is  

NM 2...,,3,2,1=

          (5.3) N
T 2/2πφ =∆

For a DDS device with 32bit phase accumulator, the phase resolution corresponds 

8.38×10-8 grad. 
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Fig. 5.9 The principle of continuous phase generation of the PAC based on 

the reference clock. 
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The relationship of the output frequency and the reference frequency form the basic 

tuning equation for DDS architecture: 

 CLKNCLKN
T

s fMff ⋅=⋅
∆

=
22

φ         (5.4) 

Similarly, we have the frequency resolution of the DDS, letting 1=M , 

            (5.5) N
CLKs ff 2/min, =∆

with the consideration of the Nyquist theory which must also be obeyed in this case,  the 

maximum frequency of the output DDS signal is 2/max, CLKs ff = . Taking the DDS 

module in our application as example, for MHzfCLK 65=  and , the frequency 

resolution is 0.015Hz and the maximum frequency can be set up to ca. 32 MHz. 

Equation (5.4) gives the definition of the frequency modulation. As demonstrated in the 

Fig. 5.8 and Fig. 5.9, the changes of the values of M in the DDS architecture result in 

immediate and phase-continuous changes in the output frequency, so M is also called 

the frequency tuning word. The phase modulation is simply realized by an addition of 

the initial phase value 

32=N

0φ  to the phase accumulator register which causes an immediate 

phase jump in the output signal of the DDS device, with the same phase resolution of 

the delta phase register defined in equation (5.3).   

 

Fig. 5.10 The output signal of DAC and the final output of the sinewave 

after the filter. 
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• Performance of DDS device 

The linear changed phase from the accumulator output of DDS, with a modulus π2 , is 

converted by the following phase–to–amplitude lookup table into the sinewave 

amplitude information that is presented to the D/A converter, and the pure harmonic 

wave is filtered out through the corresponding low-pass or band-pass filter (see Fig. 
5.10). Most DDS architectures exploit the symmetrical nature of a sinewave and utilize 

mapping logic to synthesize a complete sinewave cycle from ¼ cycle of data from the 

phase accumulator. The phase-to-amplitude lookup table generates all the necessary 

data by reading forward then back through the lookup table.  

 

The performance of the DDS is mainly dependent the factors such as the phase noise 

of the system clock, phase truncation of the LUT and amplitude truncation of DAC. The 

non-linearity and glitch energy of DAC affect also the spectral purity of the output 

signals of the DDS.    

 

The reference clock input to the DDS system is the major contributor to the phase noise 

of the system, even though its effect is reduced by the frequency division process of the 

DDS. The frequency accuracy of the clock is propagated through the DDS system. The 

phase noise of the DDS output will show an improvement over phase noise of the clock 

source itself of , where  and  are the system clock frequency 

and the output signal frequency. 

)/log(20 sCLK ff⋅ CLKf sf

 

The amplitude quantization occurs in the digitizing the sine wave. Since an ideal 

representation of sinewave requires an infinite number of bits for most values, which is 

in practice not possible for the DACs, the value must be truncated. The error caused by 

the amplitude quantization is called the quantization distortion. For a high-speed DACs 

of N-bit resolution, the broadband signal-to-spurious ratio is given by 

 

  (dB)        (5.7) 76.102.6 +⋅= NSNR

 

The phase truncation of DDS is due to the physical size limitation in the realization of 

LUT. For a DDS system with a 32-bit phase accumulator, to directly convert 32 bits of 
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phase to corresponding amplitude would require 232 entries in a lookup table. Even with 

8-bit accuracy, this would require 4-gigabytes of lookup table memory, which would be 

impractical to implement such a design. The solution is the phase truncation, where only 

a portion (N bits) of the Most Significant Bits (MSB) is used to addressing the sine 

lookup table. The truncation of the Least Significant Bits (LSB) means loss of the phase 

information and contributes phase errors. Obviously, the phase errors introduced by 

truncating the accumulator will result in errors in amplitude during the phase-to-

amplitude conversion process in the DDS. Similarly to the effect of amplitude truncation, 

the maximum SNR turns out to be very closely approximated by 6.02*N decibels. So, a 

32-bit DDS with a lookup table of 12-bit word length will yield phase truncation spurs of 

no more than –72dBc regardless of the output frequency chosen. 
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Fig. 5.11 Aliasing effect due to the quantization distortions and phase truncation 

of the DDS system.  

 

The quantization effect introduces a number of high frequency components 

superimposed on the fundamental. In the frequency domain, the distortion errors are 

aliased within the Nyquist band and appear as discrete spurs in the DAC output 

spectrum, as graphically depicted in Fig. 5.11. To precisely analyze the distribution of 
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phase truncation spurs is quite complicated. A detailed analysis may be found in [NiSa]. 

The frequencies of the discrete spurs and the amplitude of each depend on the ratio of 

the system clock frequency  to the generated output signal frequency , as well 

as the phase relationship of the output waveform to the system clock. The discrete 

aliased images due to the sample rate aliasing appears at the frequencies of  

CLKf sf

 sCLKCLKsp fffnf −±⋅=     ∞= ...,,3,2,0n      (5.8) 

Careful selections of the clock frequency can eliminate nth order aliased images if 

, where fmax)1( fnf CLK +> max is the upper edge of the interested passband.  

Nevertheless, complete elimination of the alias frequencies of the fundamental is not 

impractical. Hence, the output section of the DDS is usually followed by a low-pass 

“anti-aliasing” filter for suppressing the discrete spurs to acceptable levels. 
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Fig. 5.12 Spectral measurement of DDS output signal by setting the generated 

frequency at 20MHz. 

 

• Measurement of DDS phase shifting module 

The implemented phase-shifting module based on the DDS device uses the Qualcomm 

Q2368 dual direct digital synthesizer with extern 12 Bit DACs (HI5731), followed by the 

anti-alaising low-pass filter (SCLF-21.4). The Q2368, driven by a system clock of 

62.5MHz, works in the dual modus that allows continuous frequency tuning from 0 Hz 

until 31.25 MHz and phase modulation over the complete π2  period with very precise 

steps on both output channels, independent of each other. The measurement was 

performed by setting the generated frequency of the DDS output signals at MHz, 20=sf



 3D-Imaging cameras based on PMD 79 

as the frequency used in the PMD ranging system. Fig. 5.12 shows the measured wide-

band spectral performance of the DDS output signal. As mentioned before, we see from 

the results really the discrete spurs produced due to the sampling rate aliasing at 

frequencies 42.5MHz and 82.5MHz.  

 

Fig. 5.13 demonstrates the spurious performance of the DDS output spectrum over a 

narrow band of 10KHz centered on the DDS output frequency. In addition to the 

fundamental, there are a number of high order harmonic components in the near. Two 

factors affect mainly the narrowband spurious performance of DDS output: the high 

order harmonics of the clock source caused by the timing jitter. This is because that the 

system clock signal is also the DAC’s sample clock. This causes the DAC output signal 

to be modulated by the clock signal. The result is spurs that are symmetric about the 

frequency of the DDS output signal. Another factor is associated with the phase 

truncation effect of DDS, as discussed previously. Compared to the phase truncation 

distortion, the influence the clock timing jitter on the narrowband spurious performance 

of DDS output signal is much more significant. 
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Fig. 5.13 The narrowband spurious performance of the DDS output signal. 

 

In order to improve the output performance of the DDS, the anti-aliasing low-pass filter 

is implemented direct after the DAC.  As shown in Fig. 5.14, the frequency sweep of the 

filter shows the approximately –60dB stopband begins only 25 MHz beyond the cutoff 

frequency approximately 24.5 MHz passband. The spectrum of the DDS output signal 
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after the low-pass filter is illustrated in Fig. 5.15, where the frequency of the sinewave 

generated is 20 MHz. One can certainly see that the most alias images of the 20 MHz 

generated DDS output out of the pass-band in the stop-band are significantly filtered 

out. The SFDR (spurious-free dynamic range) performance of the DDS is improved to -

76 dB. It is obvious that the aliasing and harmonic components near the fundamental 

can not be eliminated. For further improvement of the DDS output performance the 

band-pass filter should be used. For the in this work discussed application where the 

sinusoid is converted into the square wave, more critical is the timing jitter and the 

phase noise performance of the output signal, since this will further affect the distance 

evaluation accuracy of the PMD ranging cameras. We will give more detailed discussion 

in the later sections. 
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Fig. 5.14 Frequency response of the anti-aliasing low-pass filter SCLF-21.4 
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Fig. 5.15 Spectrum of the generated sinewave of the DDS filtered by the 

anti-alasing low-pass filter. 
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5.3.2 Fixed phase shifting generation 

The DDS technique provides a wide range of modulation functions with extremely high 

operation precision. For the TOF ranging systems using square wave phase shifting 

modulation technique, however, additional conversion of the sinewave of the DDS 

output to square wave signals should be implemented. Another technique of directly 

generating the square wave modulation signals with fixed phase shifting is based on the 

pure digital technique. Fig. 5.16 shows the block diagram of the phase shifting module. 

A high precision clock source provides the driving clocks for both shift register banks 

which output eight parallel square wave signals with eight different phase delays. One 

register bank is positive flank by the clock signal, the other negative flank triggered. All 

eight signals are then input to the corresponding multiplexer. According to the control 

code from the I/O interface, one of the eight signals with corresponding phase delay is 

selected for output, which is, together with signal of the reference channel, at end 

clocked out by the system clock. 

 

Fig. 5.16 Block diagram of the fixed 8 phase shifting (CPLD) module. 

 

It is obvious that the module provides directly the digital square wave signals, one as 

reference signal and the other the shifted signals. For the 8-step phase shifting module 

described in Fig. 5.16, the frequency of the output square wave is defined by 

, where is the system clock frequency. The 8 phase shifts are then 0°, 4/CLKs ff = CLKf
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45°, 90°, ..., 315°. Since both synchronized output signals are derived from the system 

clock itself, their phase noise performance depends mostly on the spectral purity of the 

system clock source. Fig. 5.17 shows the measured the output signals and the swept 

frequency plotting of one output signals. This module is currently realized on a fast 

CPLD-chip, driven by a 65-MHz system clock source. 
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Fig. 5.17 (a) The output signals with 45° phase shift and (b) the spectrum of the 

square wave output. The system clock frequency is 65MHz. With 8 – step phase 

shifting. 

 

5.3.3 Phase jitter consideration 

For the PMD ranging cameras described in this work, the spectral purity of the output 

signals of the phase shifting module, which is ultimately caused by the phase jitter, is 

very important. This feature affects directly the distance accuracy of the evaluation. 

There are two primary factors that cause the phase jitter on the output signal. The 

phase jitter of the system clock causes feedthrough interference, since the synthesized 

sinewave, in the DDS module, is converted by DACs which is driven by the system 

clock, while in the second method the digital square wave outputs are synchronized by 

the system clock signal. Coupled noise, on the other hand, can be in the form of locally 

coupled noise caused by cross-talk and/or ground loops within or adjacent to the 

immediate area of the circuit. It can also be introduced from sources far removed from 

the circuit. Proper layout and fabrication techniques are the only insurance against 

these forms of phase jitter. 
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The measurements of both phase shifting modules are listed in the table 5.1. As one 

can see from the results, the output signals of both phase shifting modules have 

relatively the same order of phase jitter. Without consideration of other system noise 

sources in  the PMD ranging cameras with 20MHz operation frequency, the maximum 

achievable distance accuracy using 8- phase-shifting method for a phase jitter of 23.4ps 

corresponds 1.23mm. As we see from the histogram of the phase jitter shown in Fig. 
5.18, the phase noise of the output signals demonstrates a typical random process with 

normal distribution.  

 

Table 5.1 the measured phase jitter of the output signals of the phase shifting 
modules 

 DDS MODULE CPLD MODULE 

Output frequency  20 MHz 16.25MHz 

Chn 1 23.4 ps 31.9 ps 
Phase jitter 

Chn 2 25.9 ps 28.2 ps 

 

 

 

Fig. 5.18 The histogram of the phase noise measured at one output of 

phase shifting generation module. 
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5.3.4 Summary  

We discussed in this section the realization of the generation of modulation signals and 

the corresponding phase shifting technique. DDS is nowadays a very sophisticated 

technique which has been widely used in different application areas such as the 

communication and radar techniques. The DDS module due to its high operation 

precision and a wide range of modulation functions can be used for the PMD ranging 

systems based on different modulation techniques such as phase/frequency-shifting 

modulation, frequency chirping and PN-sequence modulation [Xu-1]. Since the DACs 

and the corresponding anti-aliasing low/band-pass filter, as well as the comparaters for 

square wave conversion in our application, must be used to convert the synthesized 

digital sinewave data into the required output signal, the introduction of the analog 

circuits makes the layout design of the module very difficult to reach the necessary SNR 

and the spectral purity of the output signals. Also the complicated architecture of the 

circuit is the main problem for the possible integration of the phase shifting module as 

on-chip periphery.  

 

Compared to the DDS concept, the structure of the fixed multi-phase shifting generation 

concept is quite simple. Although it generates only limited pre-defined phase shifts, it 

satisfies the requirement of the PMD ranging systems using phase-shifting modulation 

technique which is most applied in 3D TOF ranging systems. This multi-phase shifting 

module can be easy integrated on-chip in the future due to its simple structure and the 

pure digital realization.  

 

5.4 Data processing 

As mentioned at begin of this chapter, the main part of the data processing module is a 

16Bit RISC C164-microprocessor. Fig. 5.19 shows the configuration of the CPU-

processing board.  It is the central unit of the PMD ranging system. From the view of the 

processing tasks it can be divided into the following main function blocks: DDS phase-

shifting control, PMD readout timing, PMD analog output signal acquisition and distance 

information evaluation. 
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The C164 microprocessor operates at a system clock of 20MHz. Both the phase-shifting 

control and PMD readout logic are realized by using the CAPCOM units of the 

microprocessor, an on-chip integrated programmable FPGA periphery which can 

generates different timing and control pattern without any additional hardware. The 

register bank of the DDS module is directly mapped into the memory addressing space, 

so the CPU can either modify the phase and frequency setting by writing the 

corresponding control registers, or perform extreme fast phase shifting through the 

additional extern phase shifting control interface. Once initiated and configured 

according to the parameters, the timing control unit runs almost standalone, without any 

interfering of CPU, generating the required PMD readout timing pattern. Clocked by an 

intern timer at 2.5MHz, up to 50µs PMD reset frame and maximum 1.25MHz readout 

clock frequency for the PMD line and PMD arrays can be arrived. The data acquisition 

from the PMD outputs is performed by an extern 14 Bit ADC converter, in which both 

PMD output channels are simultaneously sampled at the end of PMD integration period.  
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Fig. 5.19 Block diagram of the timing and data processing module of the PMD 

ranging cameras based on the C164 microprocessor. 
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Finally, the developed software of the microprocessor evaluates the required depth 

information of the target, depending on the digitized PMD data, by using the 

corresponding multi-phase shifts processing algorithm which has been discussed in the 

previous sections. As mentioned before, we concentrate mainly on the PMD ranging 

systems based on the phase shifting modulation technique. 

 

5.4.1 Frame synchronization and data buffering 

The main task of the module is, in addition to the implementation of the related distance 

evaluation algorithms, the synchronization of different processes that runs parallel with 

each other. The most critical and time consuming process for the CPU is the data 

acquisition of the PMD outputs at end of each integration frame. An PMD integration 

frame begins with the reset period of the PMD and the phase shifting of the modulation 

signal followed by the integration period. Since each frame is assigned to the 

corresponding phase shifts, any loss or false assignation of the digitized PMD 

information could leads to processing errors of the evaluation algorithm. To avoid any 

possible loss of data, the PMD digitizing and data acquisition is controlled by the PEC – 

interrupt routine that responses each sampling request at the end of integration period, 

suspends all other processes currently running in the CPU and starts immediately the 

PMD readout cycles, as illustrated in the Fig. 5.20.  
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Fig. 5.20 The timing diagram of the data acquisition process of the PMD ranging 

sensor using phase shifting technique.  
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For the PMD ranging sensor working with phase shifting modulation technique, the total 

N phase shifts are divided regularly over a complete π2  modulation period, as 

discussed in chapter two. After the initiation, the CPU starts with PMD reset period 

followed by the corresponding PMD integration period. The first phase shifting of the 

modulation signals with predefined phase step is performed during the PMD reset. At 

the end of the integration the PMD readout timing is evoked. Clocked by the 

corresponding readout clock signal, both output channels of each PMD pixel are 

simultaneously sampled and transferred to the FIFO memory for further processing. The 

next frame begins then with the second phase shifting. This processing repeats N  times 

until all N phase shifts of the modulation are completed and begins again with the first 

phase step. 

 

The simplest solution of the data processing is the so called sequential processing in 

which the CPU firstly starts the evaluation algorithm until the PMD data acquisition of all 

N phase shifting frames have been completed and waits for the next N frames. If we 

consider that the PMD integration period lies usually in the order of some hundred 

microseconds up to some millisecond, the CPU during this time isn’t efficiently used for 

the data processing, which means that this method doesn’t make use of the full power 

of the CPU and leads to a low data processing rate. With the increase of the PMD pixel 

number in a PMD sensing array (or PMD line), the data stream and the processing time 

needed for the distance evaluation will rise drastically.  

PMD data acquisition

FIFO buffer management

PMD data processing
 

          

Fig. 5.21 The operating principle of the “pipeline” processing mechanism used 

in the PMD ranging system. 

time 
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To avoid the drawbacks of this solution, the “pipeline” mechanism is introduced in the 

data processing. In this module a FIFO (“First In First Out”) buffer is implemented. The 

digitized outputs of PMD pixels at the end of each frame fulfill the buffer, and on the 

other side, the distance evaluation process dispatches the corresponding data from the 

FIFO- buffer for the processing algorithm. The buffer management routine controls the 

data accessing and monitors any possible under/overflow of the FIFO buffer. Fig. 5.21 

demonstrated schematically the “pipeline” mechanism of the data processing of the 

microprocessor. As the results, both the distance evaluation and the data acquisition 

process runs quasi-parallel in the microprocessor. The highest processing rate could be 

achieved in this way. The primary physical limitations are band width of the bus system 

and the CPU frequency.  

 

As the cost we need obviously a large memory block implementing the FIFO buffer. To 

build an FIFO buffer of length L with16 Bit precision, the size of the memory block 

corresponds 

  (Bytes)       (5.9) LMNBFIFO ⋅⋅⋅= 24

where N the phase shifting steps and M the row/column size of the PMD array 

(assuming an M x M PMD-matrix). For a 16 x 16 PMD ranging camera using 8-phase 

shifting algorithm, the FIFO buffer with length of 1K requires 8MB memory.    
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Fig. 5.22 The digitized PMD outputs (a) and the corresponding differential 

output at the related 8 phase shifts (b). 
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5.4.2 Distance evaluation algorithm  

The main task of the data processing module is, of course, the phase information 

evaluation in order to obtain the depth information of the target. As have been 

discussed before, the distance measurement of the PMD ranging system described in 

this work uses the multi-phase shifting modulation technique and the corresponding 

phase evaluation algorithm based on the least square method. The 4, 8 as well as 16 

phase shifting modulation algorithms are implemented in the PMD ranging system. 

Square wave modulation was used. Fig. 5.22 shows the sampled outputs of a PMD 

pixel in channel a and b and the corresponding differential output related to the 8 – 

phase shifting steps. 

 

As we know from the discussion in chapter three, since the PMD operates with push - 

pull modulation signals, the analog output signal U  of the PMD is, in comparison to the 

output signal U , referred to a phase shift with 180°. So for the 4 - phase shifting 

modulation algorithm, e.g., only two phase shifting steps (0° and 90°) instead of all 4 

phase shifts (0°, 90°, 180° and 270°) are theoretically necessary for the phase 

evaluation. From equations 2.20 and 2.24 the depth information of the measurement 

point of the target yields 

b
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with  and . However, some factors in practice should be taken 

into account in the distance evaluation. Firstly the distance errors induced by the FPN 

noise of the PMD pixels can not be eliminated through equation 5.10. The asymmetrical 

feature of the actual applied PMD chips in the PMD ranging system, which is dependent 

of the lateral optical illumination in some cases, as already discussed in the last chapter, 

could also influence the evaluation results. Such disturbances will induce an additional 

DC term at the PMD output, resulting in an error phase delay which can not be removed 

by equation 5.10. To overcome this drawback, the four phase shifting evaluation should 

be modified based on the differential outputs 

smc /103 8×= MHzf 200 =

abU∆  of PMD corresponding to the phase 

shifts, instead of directly using the absolute sampled voltages, i.e.  

 



90 3D-Imaging cameras based on PMD  

 












∆−∆

∆−∆
⋅⋅=

°°

°°

0,180,

90,270,

0

arctan
22

1

abab

abab

UU

UU

f
cd

π
      (5.11) 

All the above mentioned sources will arise an additional deviation from the expected 

value at the related output, sayingU , the output signals of PMD U  and U  can be 

explained as  

n a b

          (5.12) 
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where  are the correlated outputs of PMD with pure modulated optical signal. 

From equation 5.11 we have 
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with . If the integration period of the PMD is short enough, compared to 

the variation of the optical illumination, which is mostly satisfied in practice, we can 

consider the terms U  and U  be remains constant from frame to frame with different 

phase shifting steps. So the error induced by U  and U  in the equation 5.13 can be 

removed.  

00 baab UUU −=∆

an bn

an bn

 

In the strict sense, it must be pointed out that the induced evaluation error can not be 

completely removed by equation 5.11. First of all, the reset noise is generally not 

correlated from reset to reset, normally the CDS (Correlated Double Sampling) 

technique, which is performed by subtraction of the values sampled during the reset and 

at the end of integration of the same frame, is used in the practice. Nevertheless, the 

influence can be significantly suppressed by using the differential outputs in the multi-

phase shifting algorithm.  

 

5.4.3 Data filtering and thresholding 

The noise performance of the ranging system depends not only on the PMD but also on 

the quality of the system design. The induced noise and cross-talks from different 

components in the system themselves are usually stronger than the noise level in the 

PMD pixel even with very careful system optimization. These noise sources will, as 

result, influence further the accuracy of the distance evaluation. Although the SNR of 
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the system will be improved by a factor N  if using the N-step multi-phase shifting 

evaluation algorithm to achieve higher distance measurement precision, it is necessary 

to employ additional processing methods to further suppress the influence of noise. The 

typical consideration of the noise reduction is obviously the implementation of low-pass 

digital filter. Since the data processing is carried out in the pure digital domain, various 

digital filter concepts can be applied. Due to its simple structure and under the 

consideration of the concrete system hardware, the N-tap FIR (Finite Impulse 

Response) digital filter, as illustrated in Fig. 5.23, was implemented in the system.   

 

 

Fig. 5.23 Block diagram of a typical N-tap FIR low-pass digital filter. 

 

The output of the filter can be presented as 

 ))1((...)2()1()()( 1210 −−++−+−+= − Nnxanxanxanxany N    (5.14) 

with  the constant coefficients. 110 ...,,, −Naaa

 

By applying the z-transform the transfer-function of the filter is given as 
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where , ωjez −= sff /2πω =  and  fs is the sampling frequency. We see that the filter 

described by equation 5.14 is nothing else than an averaging function with the moving 

window of size N, if letting a Naa N /1...,,, 110 =−

1

. Since PMD output signals are 

sampled at the end of each integration frame, so the sampling frequency is just the 

same as the reciprocal of the PMD integration period. For a PMD integration frame of 

1ms, the frequency response of the 10-tap filter is drawn in Fig. 5.24, in which all the 

coefficients . This filter structure is directly implemented by the 

software in the microprocessor, where the number of taps of the filter N can be flexibly 

changed as parameter in order to obtain the maximum noise reduction performance.  

.0...,, 91 =aa,0a

 

 

Fig. 5.24 The frequency response of the 10-tap filter for a0, …, 9 = 0.1, and fs = 

1KHz. 

 

From equation 5.14 and 5.15, it is apparent that with increasing the taps N, the rolloff of 

the frequency response of the FIR filter is becoming sharper, resulting in stronger noise 

suppression performance. In the time domain, however, this will lead to an increasing 

overall delay through the filter, and the filter can not follow fast varying input signals. In 

order to achieve fast response of the system without loss of the accuracy of the 

distance measurement, the above described FIR filter concept is modified, that the size 

of the moving window of the LP-filter changes adaptively, depending on variation of the 

distance value, where the window size N is shrinks to a small size Nmin (Nmin ≥ 1), if the 
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variation of measured distance values overrides the threshold. Otherwise it increments 

back to its normal size N. The threshold can be either set fixed or be estimated steady 

based on the standard deviation of past N measurements. Fig. 5.25 shows 

corresponding responses of the adaptive filter in case of step input, in comparison to the 

normal N-tap filter mentioned above. One can see that the performance of the system is 

considerably improved.  
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5.4.4 Sub-sampling technique and adaptive integration control 

The sub-sampling is performed during the PMD integration perio

previously, the PMD integration frame is normally between some 100 

seconds, dependent of the surface characteristic of the object. Instea

PMD outputs only one time at end of the integration, the PMD ou

points with the sampling frequency fs, where sfTN ⋅= int , with T  the iint
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shown in Fig. 5.26. The sum of the total samples which are used for distance evaluation 

is given by  

 ∑
−

=

−∆⋅=∆
1

0

)(1 N

i
abab inU

N
U         (5.16) 

 

Fig. 5.26 The sub-sampling of the PMD output during an integration period. 

2010

2015

2020

2025

2030

2035

2040

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time [s]

D
is

ta
nc

e 
[m

m
]

No Sub-samling Sub_sampling

 

Fig. 5.27 The measurement results of an 1D-PMD ranging camera with the sub-

sampling, compared to the measurement with normal evaluation with Tint= 500µs. 

No distance calibration was applied in the measurement. Two measurements were 

performed with different distances.  
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It is apparent that the sub-sampling of PMD is the special form of the N-tap FIR lowpass 

filter described by equation 5.14 and 5.15 with a . However, this 

realization has a distinct advantage than the implementation of the lowpass filter 

following the distance evaluation, as discussed previously in the last section. Since the 

sub-sampling is performed during the integration of the PMD, it introduces not additional 

overall delay for the data processing, so that the response of the system isn’t affected. 

The measurement results of a 1D-PMD ranging camera with sub-sampling technique, 

compared to the normal operation are illustrated in Fig. 5.27. 

1...,,, 110 =−Naa

 

For a given integration period T , the improvement of the sub-sampling is dependent 

of the sampling frequency f

int

s as well as the time point of begin of sampling. From the 

point of view of the signal to noise performance of the system, increasing the sampling 

frequency fs means growing the number of total samples N, which corresponds to the 

improvement of the overall signal to noise performance. On the other hand, however, 

the sub-sampling referred to equation 5.16 causes also the loss of the equivalent 

amplitude of the differential output of PMD which in turn causes the degradation of the 

overall signal to noise ratio, resulting in loss of evaluation precision. As depicted in the 

Fig. 5.28, to obtain the optimal sub-sampling performance of suppression system noise, 

one should need carefully to choose the start time point t  and the corresponding 

sampling rate f
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Fig. 5.28 The distance accuracy improvement of the sub-sampling technique. (a) 

The distance precision related to different sampling frequency (corresponding to 

the total samples N in the integration period), in case of 00 =t ; (b) the influence 

by selecting the different time points to start the sub-sampling.   
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To ensure the higher performance and the reliability of the data processing, the PMD 

sensor system should have the ability of self adjustment according to the different 

surface features of the target. As we know that the PMD performs the correlation of the 

back-scattered optical signal and the electrical gate modulation signal of PMD. The 

output of PMD over the integration interval T  is given by int

 ∫ ⋅−⋅==
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where Cint is the total equivalent integration capacitance, Popt(t-τ) the reflected optical 

signal from the object surface and η the corresponding quantum efficiency. It is 

apparent that the output is proportional to the power of the reflected optical signal and 

the integration time. Either long time interval Tint or very strong reflection from the target 

could induce the saturation of the integration (see also Fig. 4.24), resulting in non-

linearity of the PMD output, which can only be partly compensated, as have been 

discussed previously, through the multi-phase shifting evaluation algorithm [Xu-1]. To 

prevent the output of PMD from going into the saturation area of the PMD, the time-

adaptive integration was introduced, where the Tint changes adaptively according to the 

power of the reflected optical signal. This feature works together with the sub-sampling 

technique. For a given power of reflection, although the outputs Ua and Ub of PMD are 

very different as the phase changes from frame to frame, the sum of them ΣUab, 

representing the gray tone, can approximately be considered as constant during the N 

phase shifting frames. The actual time interval Tint is determined in each first frame by 

sub-sampling the outputs of PMD until the term ΣUab exceeds the predefined threshold 

Usat, i.e. ΣUab ≤ Usat, and the corresponding integration time will be applied for the 

subsequent (N-1) integration frames. 

 

5.5 2D Range measurement 

We present in this section the first 2D non-scanning PMD ranging system using the 

multi-phase shifting modulation technique. The system architecture of the 2D PMD 

ranging camera is almost the same as the PMD ranging sensor concept described in 

the previous sections, with the exception that the modulated light beam of the laser 

diode is projected into a line to illuminate the scene by an HOE objective. The complete 
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2D PMD ranging camera is shown in Fig. 5.29. Compared to the scene illumination by 

the LED array, the phase homogeneity of the optical signal is ensured through the HOE 

element, this is important for the distance ranging system of high measurement 

precision, especially in the near field, since the phase difference will induce additional 

distance evaluation error. The phase differences, if using LED array, could either be 

caused by electrical delays of LED drivers on the PCB or technical variations between 

the single LEDs.   

 

Fig. 5.29 The first compact 2D PMD ranging system based on the multi-phase 

shifting modulation technique. 

 

The PMD sensor is based on an actual PMD line with 8 pixels which was fabricated by 

S-TEC. Fig. 5.30 shows the chip photo of the PMD line sensor and the corresponding 

readout timing diagram. After the integration, the outputs of all PMD pixels are serially 

read out in the order of A1, B1, A2, B2, …, A8, B8, under the control of the pixel readout 

clock signal. Due to the eye safety limitation the total optical power of the laser diode is 

set at ca. 1mW, just the same as that of 1D PMD ranging system. This corresponds, 

however, the reduction of received optical power of each PMD pixel in the applied PMD 

line by a factor of about 8 under the same operation condition. To acquire the equivalent 

power budget as that of the 1D PMD sensor one needs respectively longer integration 

time.        
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Fig. 5.30The PMD line sensor with 8 pixels on chip Z4-3. Link: the chip photo, 

right: the micrograph of the chip.  

 

Fig. 5.31 shows the measured modulation contrast of each PMD pixel of the PMD line 

sensor under the homogeneous illumination. The PMD operates at the modulation 

frequency of fmod = 20 MHz. The measurement was performed at an average photo 

current of iphoto = 3nA.  
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Fig. 5.31 Measurement results of the modulation contrast of the PMD line 

Z4-3. λ = 635nm, fmod = 20MHz, iphoto = 3nA. 
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Fig. 5.32 Measurement results of the PMD line ranging sensor Nr.3 
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Finally we present the results of distance measurements performed the PMD line 

ranging system described above. The system operates at the modulation frequency of 

16.25MHz and the depth information is obtained based on the eight phase shifting 

evaluation algorithm [Xu-1]. The measurements of all pixels over a distance range of 1 

meter are illustrated in Fig. 5.32. As target of the measure the white sheet of paper was 

used. The integration time of each phase shifting frame was fixed at Tint = 15ms. The 

measurement result shows an accuracy of better than 5mm without sub-sampling and 

averaging, as demonstrated in the table 5.2. Fig. 5.33 shows the measured profiles of 

cross-sections of two objects of different shapes, one the same as shown in Fig. 5.36b 

and one with shape of triangle, both made of white paperboard. 

 

Table 5.2 Accuracy of the distance measurement of the 2D PMD ranging camera 

λ = 635nm, fmod = 16.25MHz, Tint = 20ms 

Pixel Nr. 1 2 3 4 5 6 7 8 

Std. deviation 

[mm] 
4.86 4.47 4.28 4.18 4.24 4.13 4.63 4.97 

The result is based on the measurement within the distance range between 1m and 2m 

at the white paper sheet by using the 2D-PMD demonstrator Nr. 3. 

 

Fig. 5.34 The architectural overview of the PMD array DC7x12 
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5.6 3D range measurement  

Finally, we demonstrate in this section the 3D ranging results directly measured by 

using the PMD sensing array. The applied chip in the measurement was the first 

fabricated prototype of the PMD matrix, with totally 7 x 12 PMD pixels integrated on it. 

Fig. 5.34 gives the architectural overview of the PMD chip. As shown in the timing 

diagram of the PMD chip in Fig. 5.35, the reset of all the PMD pixels is performed at the 

beginning of each integration period. The outputs of the PMD pixels are row-wise 

serially read out through the control of clock signal. The PMD pixel has the same finger 

structure as those we have discussed in the previous chapters.  

 

Fig. 5.35 Readout timing of the DC7x12 PMD sensing matrix 

 

The same light source module which was applied in 1D and 2D PMD ranging cameras 

was used for the area illumination. In contrast to the applications of distance 

measurement using 1D or 2D PMD line sensor under the same condition, the optical 

power of the light source which is required for the scene illumination will be drastically 

higher. Although the laser module which is applied for optical illumination, compared to 

the LEDs, has the advantage of phase homogeneity, the optical power cannot be 

increased at will, due to the eye safety limitation in practice, with exceptions of sensor 

applications in some special environments. So for the same optical power, each PMD 

pixel in the array receives much less light as in 1D PMD sensor. Therefore, one needs 

to increase the integration time of PMD, resulting in the degradation of sensing rate of 
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the system. In order to acquire enough optical intensity for the area illumination, LEDs 

are usually used as light source. In general, a number of LEDs are arranged to build an 

LED array of different forms to satisfy distinct scene illuminations. Such LED modules 

are capable of delivering a total optical power of from some ten milli Watt up to some 

Watt.    
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scenes are illustrated in Fig. 5.36. Two objects, made of white paperboard, one box of 

size 20×32×10.5 cm and one object of size 20×32×9.5 cm, with a shape of “T” form, as 

shown in Fig. 5.36a, were used as target in the bright background. As a graphical 

representation, the acquired corresponding 3D data of the objects are illustrated in Fig. 
5.36b. 

 

Fig. 5.37 The PMD differential outputs (RF-interferogram) corresponding to 

the 8 phase shifting frames. The amplitude presented in “z” – axis is drawn in 

pseudo-color. 

(g) 

(e) 

(c) 

(h) 

(f) 

(d) 

(a) (b) 

 

The measurement was performed by using 8 – phase shifting technique described in 

chapter two. The frequency of the square wave modulation is 20MHz which 

corresponds to an unambiguous distance of 7.5 meter. The differential signals of the 

PMD matrix between the outputs A and B of each pixel, related to the eight phase 
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shifting frames, are presented in Fig. 5.37a – h, where the amplitude of the differential 

signals in “z” – axis is drawn in pseudo-color.  

 

As discussed in the previous sections, the output of the PMD includes, in addition to the 

phase information referred to the corresponding distance and phase shifts, the fix 

pattern noise (FPN) as well. Since the FPN can be approximately considered 

uncorrected from frame to frame, the FPN of PMD is simply obtained by summing the 

differential outputs of all eight phase shifts. Similarly, the summation of the PMD outputs 

A and B corresponding to all eight phase shifting frames eliminates the AC components 

induced by different phase shifts and gives therefore the intensity image of the target 

scene. The resulted FPN, presented as gray scale graph and the obtained intensity 

image of the test object – the white paper box shown in Fig. 5.36b – are shown in Fig. 
5.38 and Fig. 5.39b respectively.  

 

Fig. 5.38 The measured fix pattern noise of the PMD array DC7x12 

 

Although one can rarely identify any geometrical characteristics of the white paper box 

from the intensity image shown in Fig. 5.39a, since the object has the same white color 

as the background, in comparison, the 3D information of the same test object measured 

by the PMD matrix is clearly to see. As we know from the previous discussion, the 

influence of the FPN on the depth information can be considerably suppressed by the 
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corresponding multi-phase shifting evaluation algorithm. For a correct presentation of 

the intensity image of the 3D scene, however, similarly to the CCD and CMOS imaging 

sensors, the FPN could be completely eliminated through the so called correlated 

double sampling (CDS) technique [HoLu]. 
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6 The measurement accuracy and error compensation 

In chapter 5 we discussed the configuration of the PMD TOF ranging systems with the 

phase shifting technique and presented the measurement results based on the actual 

fabricated PMD sensing chips. Finally, we give a discussion about some factors that 

influence the system performance of the PMD sensors and 3D data correction. 

 

6.1 Distance accuracy of the system 

The performance of the PMD ranging system is limited by the noise. The essential noise 

sources of PMD are shot noise, thermal noise, reset noise and 1/f noise [Xu-1] as well 

as other system noise sources such as phase jitter noise of the phase shifting module 

and quantization noise of A/D converter. Following the Gauss error propagation’s law, 

the phase evaluation uncertainty using the multi-phase shifting modulation technique 

yields 

 2
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δϕδϕ ⋅







∂
∂
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          (6.1) 

in which Ik is the PMD output signal defined by equation 2.19 and δIk defines the 

standard deviation. Solving for all N phase values k
Nk
πψ 2

=  for k=1,2,…,N  the obtained 

relation between the range accuracy of measurement and the modulation contrast as 

well as system signal to noise SNR is described by [He-1] 

 2
modmod 2111
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R +⋅⋅⋅=⋅=

π
λ

δϕ
π

λ
δ      (6.2) 

where λmod is the corresponding wavelength of the modulation frequency, N the total 

phase shifts and K the equivalent modulation contrast defined by equation 4.12.  

 

The relation above described the absolute limit of the PMD ranging sensors working 

with the phase shifting technique. One can see from the equation that the measurement 

accuracy depends not only on the system contrast K but also on SNR which is 

equivalent to the dynamic range in case of PMD. As discussed previously, the 

background illumination, the optical power and the modulation depth of the modulated 

light source, distance and reflectivity of the target, as well as the modulation contrast of 
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PMD can influence the performance of the PMD ranging system. In contrast to the 

power of optical signal and the PMD modulation contrast, the background illumination 

increases the distance uncertainty of the system, because it restricts the system 

contrast and causes additional quantum noise of the system. The background 

illumination can be generally reduced by using special optical filters that blocks the light 

out of the spectrum of the optical modulated signal. This can not completely eliminate 

the influence of the background illumination, since the spectral distribution of the 

background usually covers the optical spectrum of the modulated light. An other solution 

is the PMD pixel with integrated on-chip SBI circuit which based on the fact that the 

uncorrelated background illumination generates the same photo current during the 

integration period in the PMD output channels A and B, which can be removed 

respectively by the SBI, keeping the dynamic range of PMD in the best case unchanged 

[S-TEC].  

  

The measured distance uncertainty grows with the distance to the object grows. Since, 

generally, the optical power density of the modulated light source on the illuminated 3D 

scene decreases with increasing distance to the target, compared to that of background 

illumination (e.g. daylight) which maintains quasi-constant within the whole 

measurement range, the measurement uncertainty will also increase due to the loss of 

system contrast. 

 

As an example, Fig. 6.1 and Fig. 6.2 show the influence of the modulation contrast of 

PMD as well as the background illumination, as single parameters, on the measurement 

uncertainty over a range of R = 1 ~ 7m. Assuming that the light source with a 100 % 

modulation depth has a total optical power of Popt = 1mW, emitting at λ = 635nm with an 

divergence of 20°, where the PMD with finger structure has a quantum efficiency of 

about η = 0.13A/W. The modulation frequency is chosen at fmod = 20MHz which 

corresponds to a wavelength of 15m. We use a lens with focal length of F=30mm and 

an aperture index F# =1.  
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Fig. 6.1 Distance accuracy versus the background illumination over a range of 1 

~ 7m. The power of background illumination is calculated relative to the optical 

power of light source. KPMD = 30%.  Cint = 1pF, fmod = 20MHz.  
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Fig. 6.2 Distance accuracy under the different modulation contrast over a range 

of 1 ~ 7m. There is no background illumination. The modulation contrast of PMD 

varies from 5% ~ 50%. Cint = 1pF, fmod = 20MHz. Vdark = 0.6mV rms, Tint = 2ms. 
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6.2 Distance reference technique   

The reference technique is the typical method to calibrate the TOF ranging systems.  As 

we have known that the TOF ranging system obtains the distance from the phase delay 

information of the optical signal. There are many factors that can influence the 

measurement precision of the ranging system, such as the signal form aberration 

induced by the changes of temperature or aging problem of single system components 

[Olk]. As an example the distance information measured based on some PMD pixels of 

a PMD line ranging camera are presented in Fig. 6.3. The change of the system 

temperature during the measurement causes not only the change phase relation 

between the transmitting and receiving channels but also the amplitude of the optical 

signal, which induces straight forward the distance measurement error.  
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Fig. 6.3 Drift errors of the system due to the change of temperature after power-

up, measured based on a 2D PMD line ranging system without referencing 

technique implemented.  

 

Such drift errors can not be eliminated by the system itself. It is, therefore, necessary to 

implement the referencing technique to compensate the error. Different concepts of 

distance referencing can be used for TOF ranging systems [Olk][He-1]. Fig. 6.4 shows 

one solution of error compensation through the reference technique in the 3D PMD 

ranging systems. Compared to the description of PMD ranging system in the previous 
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chapter, an optical referencing “path” is added directly to the PMD chip in the system. A 

part of the modulated optical signal from the same light source is branched to the PMD 

during the reference measurement frame, through a glass fiber. The real distance 

information of 3D scene is acquired by subtracting the reference data from 

measurement result. One can see that the drift error induced by the distinct system 

components can be completely compensated and will not appear in the final 

measurement result, since both the referencing measure and the measurement of the 

target use the same transmitting and receiving channels, the influence of the drifting 

effect of the system components on both measurements are identical which can then be 

eliminated from the measured data.  
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Fig. 6.4 Block diagram of the reference technique for 3D PMD ranging system 

[Scw-3] 

 

Another variant of the above described reference concept of the 3D PMD ranging 

system is the separation of the reference channel of the system through one or more 

PMD pixels used as reference pixel. The on-chip integrated reference PMD pixel has 

the same feature as other PMD pixels in the array that ensures nearly the same 

performance of error compensation. In contrast to the conventional ranging systems, 
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there isn’t much more additional technical cost necessary even with the introduction of 

the referencing technique, due to the unique features of PMD technology. 

 

6.3 Non-linearity error and phase shifting evaluation 

Non-linearity of the system is another main error source for the high accuracy of the 

distance measurement.  As been discussed in the previous chapters, many factors can 

cause the non-linear performance of the system, such as the optical modulator, 

demodulator (PMD), signal generator as well as strong variation of the system operation 

condition (e.g. temperature). In general, non-linearity is a problem that exists in almost 

every real system. To minimize and reduce the influence of the non-linearity, the first 

and most important step is of course the improvement of hardware, which ensures the 

robust operation and a large linear range. Other system processing method such as the 

adaptive integration time control of PMD, as discussed previously, can further prevent 

the system the non-linearity induced by the saturation effect. However, such technique 

is very time- and cost-consuming and therefore not suitable for the application of 3D 

ranging system using PMD array. For a 3D scene with very strong image contrast, there 

are still some pixels that will be in saturation after the integration period. As the last 

insurance, the optimized multi-phase shifting evaluation algorithm plays an very 

important role in suppressing the non-linear errors of an 3D TOF PMD ranging system. 

 

As result, the non-linearity of the system will induce the distortion of the auto –

correlation curve of the system, which is presented in the frequency domain by the 

appearance of a series of the high order of unexpected harmonics. In addition to the 

averaging effect of the system noise, the multi-phase shifting evaluation algorithms can 

reduce considerably the influence of the non-linearity of the system by suppressing the 

contribution of the corresponding high order harmonics [Xu-1]. Table 6.1 lists the 

suppression of effect of different harmonics by the multi-phase shifting evaluation. The 

more phase shifts are used for the data evaluation, the more terms of high order 

harmonics are to be eliminated, resulting higher ranging accuracy. On the other hand, it 

means considerably growing the data stream to be evaluated and requiring longer 

measurement time with the increasing phase shifts, especially for the 3D PMD arrays. 

Considering the fact that the high order terms of the harmonics in the auto-correlation 
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curve induced by the non-linearity of the system normally vanish very quickly, the phase 

shifting technique of less than 8 steps can satisfy the requirement in most 3D 

applications. Fig. 6.5 shows the measurement results over a range of nearly two 

meters, using 4, 8 and 16 phase shifting evaluation algorithms respectively, based on 

an early developed 1D PMD ranging system with strong non-linear distortion and 

system noise of about 0.25mV rms. The modulation contrast of the PMD pixel was 

about 22%. A 12Bit-AD converter was used. The laser diode outputs a maximum optical 

power of 1mW at λ=635nm. The measurement result coincides very well with the 

simulation under the same condition.  One can see that the evaluation with 8 phase 

shifting steps has considerably compensated the errors induced by the non-linearity and 

achieved satisfied result.   

 

Table 6.1 The Influence of high orders of harmonics on the data evaluation [Xu-1] 

N  

Phase step 

number  

∆ψ k  

Phase 

step 

Orders of harmonics 

: Harmonic contributes to the data evaluation 

0: Harmonic does not affect the data evaluation 

  1 2 3 4 5 6 7 8 9 10 11 12 

3 2π/3   0   0   0   0 

4 2π/4  0  0  0  0  0  0 

5 2π/5  0 0  0  0 0  0  0 

6 2π/6  0 0 0  0  0 0 0  0 

7 2π/7  0 0 0 0  0  0 0 0 0 

8 2π/8  0 0 0 0 0  0  0 0 0 

9 2π/9  0 0 0 0 0 0  0  0 0 

10 2π/10  0 0 0 0 0 0 0  0  0 
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(b) 

Fig. 6.5 The measurement results using 4-, 8- and 16-phase shifting evaluation 

algorithm. (a) The measured distance using corresponding evaluation algorithms. 

(b) The evaluation error based on different algorithm. Target: white paperboard. Tint 

= 2.5ms. fmod=20MHz. PMD chip: STP20-2F-No.7-T2. KPMD ≈ 22%. 

 

 

6.4 3D data calibration  

For an 3D ranging camera, the measured distance value of each pixel in the sensing 

matrix corresponds to the distance from the related pixel P’(u, v) to the point P(x, y, z) of 
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the 3D scene through the focal center C of the lens, as shown in Fig. 6.6. Generally, we 

understand the distance of each point on the target as the distance of that point 

perpendicular to the sensing matrix of the 3D ranging cameras which is usually located 

in the focus plane of the lens system. The depth error from the real depth information of 

a point off the optical axis grows with the increasing distance. Therefore, it is necessary 

to calibrate the measured data for a correct representation of the 3D scene. 

 

Neglecting the optical aberration effect of the lens and the triangular effect due to 

geometrical location of the source of illumination which is reasonable for measurement 

in the far field, the relationship between the point P(x, y, z) on the target scene and its 

image P’(u, v) at the focus plane can be described through the transformation between 

the so called world coordinate system and the image coordinate system. As illustrated 

in Fig. 6.6, the origin of the camera coordinate system is chosen in the focal center of 

the lens system with its xy-plane parallel to the uv-plane of the sensor coordinate 

system. The z-axes of both coordinate systems are located in the optical axis. The 

relationship can be then written as 
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which can be rewritten linearly as 
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where f is the focal length of the optical system and s ≠ 1. For a camera coordinate 

system which is centered usually at one of the corners of the sensing array, say the left 

bottom corner, the parameters in the old system can simply be transformed into the new 

system through 

        (6.5)  
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in which (u0, v0) is the position in the old coordinate system. For the simplicity we still 

use the relationship defined by equation 6.4 for the following discussion. It is apparent 

that the depth information of the point P(x, y, z) corresponds the z-value and the distance 

between the sensing plane and the focal plane, i.e. the focal length f. Since the 

measured distance lx,y is the distance from point P’(u, v) through the focal center C to 

point P(x, y, z), the corresponding real distance dx,y can be then described by  

 ( ) αcos222
,, ⋅++−= fvuld yxyx        (6.6) 

where α defines the angel between OP  and the z – axis, which can be calculated 

according to the pixel coordinates (u, v) 
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22 vu
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Fig. 6.6 The camera model for 3D-data calibration 
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6.5 Smearing effect and the depth of field  

In the view of the optical imaging, for a TOF PMD ranging system, the modulated light 

transmitted from the light source which is reflected by the object surface is focused by a 

lens system to a light spot with size dimg at the PMD chip. It is apparent that both the 

size and the position of the object image varies with the changes of the distance of the 

object to the ranging system due to the following factors: geometrical arrangement of 

the light source and the receiver, focusing range of the lens system and lens aberration. 

For an 1D ranging system, the induced lateral and longitudinal shift and size variation of 

the light spot means merely the fluctuation of the received optical power. In the case of 

3D PMD ranging system, however, this will cause smearing of the depth information at 

some PMD pixels, since a PMD pixel mixes in principle all the received optical 

components reflected from the target. This can be explained by following equation 

 [∑ +Γ= )2cos(1)( ,0 idiid tfMtI π ]  for i = 1, 2, 3, …    (6.8)  

As the result of correlation, the output of PMD contains not only the depth information of 

area that should be imaged to the PMD pixel but also the terms from the neighborhoods 

due to the optical aberration if part of 3D scene is not really sharp focused. Fig. 6.7 

shows the measured cross section of a box made of white paperboard by a 2D PMD 

line ranging system described in last chapter. The object was located in the position so 

that part of the object surface was out of depth of filed of the camera. One can see that 

the measured depth information on the sharp edge of the box is smeared due to the 

problems discussed above. This example shows how important is the depth of field of 

the lens system for 3D ranging system as it is in case of 2D imaging sensors. As 

illustrated in Fig. 6.8, the depth of field for a given optical system with focal length f, lens 

aperture DL and the pixel size dpixel is defined by equation 
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where F#=f/DL defines the f-value of the lens and g0 the object distance at sharp 

focusing.  
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Fig. 6.7 The measurement error of depth information due to the insufficient 

depth of field of the applied objective in a PMD line sensor. The measured edge 

of the test object is therefore smeared. 

 

From equation 6.9 we can see that the depth of field ∆g is a term dependent of the focal 

length, entrance pupil of the objective and the pixel size in the sensing array. For a large 

depth of field ∆g usually small lens aperture or large focal length, in other words, large f-

value is necessary. However, for our purpose the lens system with large entrance pupil 

if possible is always desired in order to receive more optical power. Therefore, one 

should give special consideration for the lens system in the 3D TOF ranging system 

design depending on the requirement of single 3D applications.  
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Fig. 6.8 Depth of field in a camera system with focal length f and pixel size dpixel. 
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6.6 Discussion   

We discussed in this section the main factors which influence the measurement 

accuracy of the PMD ranging cameras and the 3D data calibration for the correct 

reconstruction of the 3D scene. Large modulation contrast of PMD contributes to higher 

measurement accuracy of distance. The background illumination, on the other hand, 

restricts the distance resolution, which must be suppressed any way. The realization of 

PMD with on-chip SBI unit ensures the maximum dynamic range of PMD nearly 

independent of the background illumination. Similarly to other TOF ranging systems, the 

referencing technique is also necessary for the PMD ranging systems to compensate 

the drift errors and other errors induced through variation of system parameters as well. 

However, the implementation of the referencing technique can be, due to the unique 

features of PMD, considerably simplified. The multi-phase shifting evaluation algorithm 

averages not only the influence of noise improving further the measurement accuracy 

but suppresses substantially the errors caused by the non-linearity problem of the 

system. The more the phase shifts are applied for evaluation, the stronger is the 

suppression of non-linearity error and the more time is needed for one measurement. In 

practice, 4- or 8- phase shifting evaluation technique are widely accepted in the 

measurement. 
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7 Summary and perspective 

In this thesis we have investigated the performance of the PMD device as electro-

optical mixer and realization of different solid PMD ranging sensors for 1D-, 2D- as well 

as 3D-measurement based on the phase shifting modulation technique. 

 

We give first at the beginning of this work an overview of the different range 

measurement techniques, their corresponding advantages and drawbacks and the 

typical applications in distinct industrial areas. Furthermore, as the main time-of-flight 

(TOF) ranging technique used in this work, the phase shifting modulation technique 

(homodyne mixing technique) and the related range evaluation method are discussed 

more in details. 

 

With permanently increasing demands for 3D-data acquisition in the industry more and 

more new 3D ranging systems based on the techniques discussed in chapter two have 

been developed. As one of the most important measurement techniques, the new non-

scanning optical 3D-ranging systems based on time-of-flight are nowadays intensively 

investigated. The key component of such 3D ranging systems is the 2D electro-optical 

mixer. The typical drawbacks of many 2D EO-mixer based ranging systems such as 

high operation voltage, system complexity and high cost restrict their applications in the 

industry. A new novel 2D-mixer concept – Photonic Mixer Device (PMD) – based on the 

creative idea from Prof. R. Schwarte opens a complete new area in the 3D-sensing 

technique. Realized on the basis of standard CMOS technology, the PMD device 

overcomes nearly most drawbacks of the traditional distance measurement systems 

and brings us a new generation of extremely fast, robust and low-cost 3D solid state 

ranging systems. In chapter three we described the typical structure and the operation 

principle of CMOS-PMD followed by a brief discussion about the features of PMD 

device.  

 

In chapter 4 we reported the experimental investigation of performance of PMD device 

realized in different structures. As the measurement results showed, the investigation 

confirmed all the expectations and simulations in a series of preceding researches [Bux-

1][Scw-4][Xu-1]. The PMD test pixels have shown a large linearity area in the middle of 

transfer characteristic and needed very low modulation voltage of merely about 500 ~ 
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600 mV (peak to peak), in contrast to up to 1000V in the case of Pockels cell. With the 

further optimization of PMD design the properties of PMD device has considerably 

improved. Although the optimized short channel PMD finger structure has relative lower 

modulation contrast than the typical long channel 2-gate PMD pixel, it demonstrated 

very exciting performance in the high modulation frequencies. We have measured the 

3dB modulation frequency bandwidth of the short channel PMD finger structure better 

than 100MHz at 3nA photo current, compared to only about 2MHz by the 2-gate long 

channel PMD pixel. The finger structure PMD showed very low lateral sensitivity as well. 

We have measured a dynamic range of better than 70dB with very low dark current of 

about 0.13pA at room temperature. The PMD pixel has demonstrated still astonishing 

good modulation performance at very weak optical illumination (in the order of some pA) 

as well as significant anti-interfering effect due to its unique feature of correlated 

balance sampling (CBS).  

 

We presented in chapter five the development of PMD ranging systems based on 

different actually fabricated PMD chips. The advantageous properties of the PMD 

considerably simplify the realization of 3D ranging systems and make the modular 

system design of 3D imaging sensors possible. With the same functional modules one 

can easily implement 1D, 2D as well as 3D ranging sensors based on corresponding 

PMD chips for different applications. The practice has demonstrated also from the point 

of view of engineering the outstanding ability of PMD. Based on an PMD pixel fabricated 

in the third chip design, we have reached an distance accuracy of the PMD ranging 

system up to 1.5mm with the modulation frequency of only 16.25MHz and 12bit A/D 

converter, without any further data processing. Compared to the low PMD noise level, 

the system noise is rather more important for the improvement of ranging accuracy. We 

discussed in the last chapter some problems that will influence the measurement 

precision of PMD ranging systems and the considerations for further improvement.  

 

In the dissertation my work focused on the experimental investigations of performance 

of PMD device and deals with merely the 3D PMD ranging systems based on the phase 

shifting modulation technique. As already mentioned in the discussions in this paper, a 

variety of other ranging techniques can also be used in the range measurement based 

on the PMD device, e.g. PMD-PLL and PMD-DLL laser ranging systems [Bux-2][Rin-1]. 
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3D data acquisition based on PMD is just only one of the possible applications of PMD 

device. Due to its outstanding correlation functionality, PMD is also suitable for 

configuration of optical interfaces in the communication technique. It is reasonable to 

expect that the PMD could find more and more industrial applications in the future.  

 

Whatever the applications of PMD in the industry, one thing is beyond any doubt: the 

novel PMD concept has opened us a complete new area in the micro sensorial 

technique. We convince ourselves that with the continuous development of the modern 

semiconductor technology and further optimization of PMD design the dream of high 

quality, high performance, low cost and high robust 3D ranging cameras and other 

applications based on PMD technology, similar the CCD imaging sensors nowadays, 

will not so far from our lives. 
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