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Abstract

The thesis deals with systems dedicated to time measurement with very high resolu-
tion. The resolution is in the order of picoseconds. The necessary part of the systems is
their synchronization which is described in the thesis. These kinds of systems with such
resolution follow from current experiments in particle physics. The first part is focused
on possible level signaling and transmission media in the time measurement systems. The
second part introduces the time-to-digital converters which are used in time measurement
systems, as well as measurements and tests with designed TDC with very high resolution.
The third part describes the system with several nodes intended to timestamp application
(time measurement). The system includes synchronization among the nodes and the syn-
chronization principle is explained. The functionality is tested and measurement results
are shown. Other usage of designed devices and the synchronization in experiments in

particle physics is mentioned in the last part.
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Chapter 1

Introduction

Timing with very high resolution, i.e. tens of picoseconds, is desired in current experiments
in physics. Specifically, research in particle physics. The experiments are conducted in
facilities with accelerators. There are several accelerators, for example LHC'at CERN?2.

Due to the speed of particles moving close to the speed of light and the connected
calculation, very precise timing measurements with very high resolution are needed. There
is an effort to increase the resolution up to at least 10-30ps. For example, this resolution
is necessary for detection of particles in the detectors approximately 200 meters far from
the interaction point and their matching in TOTEM Experiment at CERN. The resolution
corresponds to a distance of lem according to the particle speed.

The timing problems can be seen from two points of view. One is focused on the
signal distribution with defined timing (jitter, delay). While the other deals with time
converters. These converters are called time-to-digital converters (TDC). The time-to-
digital converters (TDC) are devices used for conversion of time (continuous quantity) to
a number (discrete quantity). The TDC is in principle a stopwatch. The time resolution
is related to the resolution of the signals propagation (clock signal, reset signal, input
signals). The main purpose of TDCs is to measure time between events.

On the market, there can be found several solutions for TDCs. But mostly they are
only for specific applications and general purpose TDCs have limited resolution. Thus, the
effort is to concentrate on high resolution TDCs for wider areaa of application. A solution
from the market with designed readouts is mentioned.

The work is divided into 10 parts (including introduction and conclusions). The parts
correspond with the explanation mentioned in the previous paragraph. The first main part,
after the introduction and motivation part, deals with time measurement. The history of
time, its measurements, common definitions and standards are described. The next part is
focused on signal distribution, i.e. how signals propagate and how the time reference is set.
After that, time-to-digital converters are explained in the chapter, which is divided into
three subsections. Techniques and methods used in time to digital converters are shown in
the overview of the first subsection. The interest is devoted to methods using digital blocks,
because Field Programmable Gate Array (FPGA) is used for one type of designed TDC.

'LHC - Large Hadron Collider, the world’s largest colliders, Geneva, Switzerland
2CERN - the European Organization for Nuclear Research, Geneva, Switzerland
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The other types of designed TDC readouts are described, which are based on a special
timing chip. The interest is devoted to TDCs based on a timing chip. The next subsection
discusses the possibility of errors, which may or may not effect the measurement, i.e. the
resolution of the measurement is not capable of recognizing errors. The measurements with
designed TDC are described in the following subsections. The goal is a characterization
of the time-to-digital converters, i.e. where are the limits of TDCs. The following part
describes a clock distribution system and proceeds with signal distribution, which gives
high resolution and accuracy. Resolution and accuracy are necessary for taking data from
several TDCs in different places. The particular block diagram used for the distribution
system is shown. The measurements are described with discussion of results. The last
chapter is focused on other usage of designed TDCs and experiments with TDCs are

shown. At the end, the conclusions are mentioned.
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Motivation

The motivation to develop the time distribution system is progress in particle physics.
Especially diffraction physics as higher and higher energies need more precise time mea-
surements. Physicists should be able to improve their findings when analyzing data with

a higher resolution of measurements. The TDCs help the precision of time measurement.

2.1 High energy physics

Two beams with opposite direction of the particle’s flow are in the accelerators for particle
physics exploration. At the specific points, the beams are crossed (cross section). These
points are called interaction points at which particles collide. The figure below shows the

particle collision simulation.

Interaction
Poirt

Relative beam sizes around IP1 (Atlas) in collisian

Figure 2.1: Beams in collision [22]

Specifically at CERN [21], the energy per proton has been 13TeV since 2015 (7TeV
before). The total cross section is 110mbarns [22] meaning the probability of interaction
between small particles. One barn is 102%m?( it is a cross section of a uranium nucleus).

The total cross section can be distinguished into:
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e Inelastic
e Single diffractive
e Elastic

The collision produces different products according to the type of the collision mentioned
above. They are detected with several detectors, which are around the interaction point.
The time of flight of the particles is measured between the detectors for their defining.
We can calculate the time resolution of the time distribution system to fulfill the needs of
physicists. An example for the decay into mesons is shown below.

The decay is at a distance of 3.9cm. For the speed of light, it means 130ps from the
collision to the decay. This result leads into the resolution of the TDC. The resolution
should be ten times better for a reasonable measurement. In the same way, the resolution
for decays into other particles can be calculated. The photo of the interaction point at
CERN is shown in Fig. 2.2 [18]

Figure 2.2: Interaction point with detectors at CERN

2.2 Behavior of TDC in harsh environments - SEE in TDC

Because the time distribution system should work in a radiation environment, the single
event effect (SEE) should be taken into account. The time distribution system composed
of TDC and FPGA should be evaluated from two point of view.

e Behaviour in radiation environment

e Detection of errors
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The behaviour in radiation environment means single event effects in the components which
can cause a malfunction of the time measurement.

Another factor is how to detect the single event effects in the component. It means
using the TDC for detection of SEEs. The single event effect is caused by an energetic
particle. There are several single event effects that can occur and change the behaviour of
the system.

Main types of SEEs:

e Single event upset (SEU)
e Single event latch-up (SEL)
e Single event burnout (SEB)

A single event upset (SEU) is one type of SEE. The SEUs can be taken as soft errors
because they are nondestructive. They cause a pulse which can flip a memory cell or a
register. After that, the value is taken as a regular value by the rest of the hardware and
it causes undesired behaviour. The system can be restored very easily by setting it to the
defined state. The precaution for this type of error is a redundant structure of the system.
The behaviour of the redundant system is based on a majority voter. Memory cells also
include SRAM which is used as a configuration element for some FPGAs.

The single event latch-up is considered a hard error with a potentially destructive
effect. It results in a high current and creates a path between power rails. The effect can
be removed by powering down the device.

The single event burnout can occur in power MOSFETs. The high energy particle
causes a current which activates the parasitic bipolar transistor. This leads to the destruc-
tion of the MOSFET.

There are other types of single event effects. Such as single event gate rupture (related
to power MOSFETs as SEB).
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Time measurement

Time is a continuous quantity. It belongs to the seven fundamental physical quantities.
Time is represented by one second as a primary unit. Time is used for recording events
when they happen (past, present, future). Throughout history, the way of recording time
has developed from simple to very advanced methods, which are able to differentiate events
up to very small fractions of a second, such as microseconds, nanoseconds, picoseconds.
This progress is connected to science, especially particle physics, where it is very important

to be able to differentiate events within nanoseconds and picoseconds.

3.1 History of time measurement

In history, the effort of time measurement was focused on dividing the day into smaller
parts. One of the devices is a sundial (Fig. 3.1a [25]|), which has been known for more
than three thousand years. But the sundial is only able to measure time during the day,
not at night. Also in the same era, the hourglass (Fig.3.1b [20]) was invented. It measures

a small period of time during the day.

1LE+TOUJ0 Uflﬁf’%& ne KienFARE

e iy |

(a) Sundial 7 (b) Hourglass
Figure 3.1: Time measurement devices
In the early medieval age (11th century), mechanical clocks were invented. Mechanical

clocks are still used, for example as a watch. And they went through significant develop-

ment with more precise manufacturing technology.
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The calendar is used in order to record longer time periods. There were many types of

calendars in history with the purpose of dividing years into days.

3.2 Presen possibilities

Present possibilities came from the progress in electronics. Modern devices are based
on semiconductor components, which allow increasing resolution and accuracy of time
measurement, i.e. microseconds up to picoseconds. A clock generator is needed for time
measurement. It is called an atomic clock, which is based on the electronic transition
frequency of the electromagnetic spectrum of atoms. The atomic clock is based on an
atomic standard, it means the isotope of a suitable element. The most common isotopes are

caesium (1?3Cs) or rubidium (87Rb). These clocks are used for time distribution services.

3.3 Standards

The commonly used standars are:
e Caesium standard (approximately 9.192 GHz)
e Rubidium standard (approx. 6.834 GHz)

The standards differ in working frequency, accuracy and stability. The Caesium standard
is an accurate standard used for the definition of a second in SI. The working frequency
of the Caesium standard is 9 192 631 770 Hz. The Caesium standard is a primary fre-
quency standard. The frequency accuracy of the standard is 10""%s and stability is <107
(according to Microsemi frequency standards [23]). In frequency standard domain, the sta-
bility is reffered as Allan deviation. An example of the Caesium standard is shown in Fig.
3.2 [19].

Figure 3.2: Microsemi brand Caesium standard
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Another commonly used standard is the Rubidium standard. The working frequency
is 6 834 682 610.904 Hz. The accuracy is less within one or two orders than the accuracy
of the Ceasium standard. It is about +107s and the stability <1072 or <1073 [23]. Thus
the Rubidium standard is the secondary frequency standard. It is widely used in many
applications, such as television broadcasting, base stations for cellular networks or global
positioning systems (GPS). Additionaly on the market, there can be found other types of

frequency standards or references. Here are a few examples:
e GPS Disciplined Oscillators (requires GPS antenna, Fig. 3.3 [24]
e Rubidium Oscillators
e Quartz Oscillators

e Hydrogen Maser

i ECT 5, INC
= anuem:r ELECTROMIC
-

Figure 3.3: GPS Disciplined Oscillator

The parameters of selected standards or references are shown in the following table
(Tab. 3.1).

Table 3.1: Selected frequency & time standards

’ Standard ‘ Accuracy ‘ Stability ‘
Caesium +10-13 <101
Rubidium +101 | <1013

GPS Disciplined Oscillators | 41072 <101

Further, we recognize two different stability terms, short-term stability and long-term
stability. Short-term stability refers to seconds, maximum hundreds of seconds, the long-

term stability refers to days and more.



Chapter 4

Signal distribution and

synchronization

If we want to measure time, it means obtaining information about an event (or events)
at a specific moment and the information is obtained from a signal. Thus, getting the
information is a signal distribution. The signal distribution can be realized in an electrical
or optical way. The need for time measurement is primary in experiments in particle
physics, in which there are many detectors. These detectors are in different places. In
other words, the distance (path) for signals vary according to the position of the detector.
The path can vary in distances or the transmission media used. The signals from a central
unit (main control unit) propagate through the transmission media according to the used
material. For example the velocity of propagation of coaxial cables is determined by
the dielectric material, the velocity of propagation of optical cables is determined by the

refractive index. The idea of the signal distribution is shown in Fig. (4.1)

]
- Ti mestan device ‘

e metres

Timestamp| device Timestamp device

d metre:
a metre:
¢ metres:

..-' b metre i

Central control unit
(reference time
point generation)

I'

Timestamp device Timestamp device

Figure 4.1: Signal distribution
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In the system, the different transmission media can be used for a specific reason (long
distance or availability, etc.) and cables have different lengths. In that case the propagation
delay changes accordingly to the place, i.e. the information from the central unit arrives
at a different time. That is why each place has to be synchronized with the central timing
unit. In Fig. 4.1, there are a central unit (in the middle) and 5 timestamp devices, which
generate timestamps for the corresponding detectors. Further, the different connection
length is seen. The timestamp is related to the trigger (reference time point) that is
provided by the central unit, but timestamps among the devices can not be combined
together in this configuration, they are not synchronized.

The principle of the synchronization is a propagation delay measurement and it is

shown in the time diagram in the following figure (Fig. 4.2).

Trigger

1 —
1

Trigger ; t[.gda t:tsal

1
1
placeA | | :
1
1

Trigger 'tpdb tish
place B ! ]

—time

Figure 4.2: Synchronization principle

The trigger signal propagates in two places, the first place A in ¢,q, (propagation delay
to place A) and the second place B in t,qp. After that an event occurs and the timestamp
device gives timestamp ttgy Or figh. The synchronized timestamp is given by formula 4.1

for place A:

t = tyda + ttsa (4.1)

For place B, it is given by formula 4.2:

t=tpap + tisp (4.2)
There are three ways to synchronize timestamps:
e Cable characterization in advance
¢ Continuously measurement of the propagation delay
o Combination of both previous method

The cable characterization in advance requires making a measurement of each cable used
for the installation of the whole system. After that, the measured propagation delay is

stored in each device and the produced timestamps are synchronized immediately without

10
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any other measurement. It is a big advantage of this approach. But the environment
parameters in the system can vary, such as temperature. The propagation delay will be
changed and the error will grow according to the intensity of the change of the environment
conditions.

The second method removes the disadvantage of the first method because the prop-
agation delay is measured continuously and the measurement is made under the present
condition. But the method requires three conditions. The first condition is the most im-
portant. The propagation delay measurement unit has to be included in the central unit.
The second condition is a return path for the trigger signal to the timestamp devices for
the propagation delay measurement. And the third condition is a splitter in the timestamp
device for a trigger signal (if it is used for the propagation delay measurement).

According to the assumption that the forward path and the return path are the same,
the propagation delay is twice as long and it has to be divided by a factor of two. Then the
timestamps are synchronized online in readout software. In principle, it can be synchro-
nized in hardware too, but it requires an extra communication data channel between the
central unit and the timestamp device. Therefore the current propagation delay is com-
puted in the central unit and it is sent to the timestamp device where it is immediately
used for timestamp correction.

The third way is a combination of the previous methods. The cables are measured
separately. After the installation, a table with cables and their directions (to the timestamp
device or from the timestamp device) is established. According to the table, the ratio of
forward and return paths are computed. Then the method goes on with the continuous
measurement of the propagation delay. The measured propagation delay has to be divided
by the ratio computed before. In the previous method, the assumption was the same paths
and the propagation delay divided by a factor of two. Thus the last method removes the
problem with the necessity of the same cables (length, type). Also another advantage is
implied from that, the parameters of the cables vary according to the environment but the
computed ratio of the forward and the return paths are the same. Then the propagation
delay is computed for the actual condition.

The propagation delay of each path is measured by the central unit and the synchro-
nization is done by one of the previous methods. As already mentioned, the cables can be

different. There are two options in principle:
e Electrical cables (coaxial cable, twisted pair cable)

e Optical cables

4.1 Electrical transmission media

As electrical transmission media, coaxial cables or twisted pair cables are usually used
for longer distances. The choice depends on the signaling used. There are two types of

signaling:

e Single-ended signaling

11
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e Differential signaling

4.1.1 Single-ended signaling

Single-ended signaling is used in many applications. The signal is transferred through the
voltage level via a conductor. The signal is related to the common reference, which is
usually a ground with zero potential. The coaxial cable is used as transmission media,
the inner conductor in the coaxial cable transfers the signal, the shielding is used for the

common reference. The principle of single-ended signaling is shown in Fig. 4.3.

Vs'\g nal Vsig nal Vsig nal

Figure 4.3: Single-ended signaling

The signaling levels depend on transferring an analogue or a digital signal. The ana-
logue signal is chosen with respect of other components. The digital signal is limited by
common standards. For example, the common standards are TTL, CMOS, LVTTL, LVC-
MOS. The following table (Tab. 4.1) shows output voltage levels of the common standards
for the digital transfer.

Table 4.1: Common standards - voltage levels

Standard ‘ Vor (mazimal) ‘ Vor (typical) ‘ Vou (minimal) ‘ Von (typical) ‘

TTL 04V Y% 24V 5V
CMOS 05V 0oV 45V 5V
LVITL 04V 0V 24V 33V

LVCMOS 033V 0V 3V 33V

In single-ended signaling, the transmission media has a characteristic impedance and
the transfer line should be terminated properly. The characteristic impedance for the
coaxial cable in measurement is 50 ). The proper termination guarantees the limitation of

the signal reflection.

12
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The disadvantage is the influence of interference which is crucial with analogue value.
The interference during digital transfer can be limited with higher voltage level, i.e. CMOS
instead of LVCMOS.

4.1.2 Differential signaling

Differential signaling is based on the transmission of two complementary signals, which are
usually called p-signals (as a positive signal) and n-signals (as a negative signal). There
are two important voltage levels in differential signaling: common-mode voltage (Veoum),
differential-mode voltage (Vpum).

The common-mode voltage level is the average value of a p-signal and n-signal with
respect to the ground. The differential-mode voltage is the difference between the p-signal
and the n-signal, thus it is a useful signal. The principal is shown in Fig. 4.4. The
usage of differential signaling these days is in very high speed serial lines. Several types of
transmission mediae are used, such as ribbon cables, unshielded twisted pair cables (UTP),
shielded twisted pair cables (STP), SCSI cables, etc.

N >

>

\

Vsig nal

Figure 4.4: Differential signaling

Differential signaling is commonly used for digital transfers. There are many standards,
such as PECL, ECL, LVDS, SLVS, CML, etc. The main differences are the levels of the
common-mode voltage and differential-mode voltage.

Like single-ended signaling, differential signaling requires proper termination. The
termination is usually 10092 equivalent resistance between the p-signal and the n-signal.
The chosen way of termination, i.e. resistor values and their connections, depends on the
coupling used (DC coupling or AC coupling). The big advantage of differential signaling
is a resistance to interference and also there is no need of the ground connection with AC

coupling.
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4.2 Optical transmission media

As already mentioned in the introduction of this section, the cables used for signal distri-
bution can be optical cables instead of electrical cables. The optical transmission media
has become very popular recently. They are often used for primary connection in wide
area networks (WAN) or metropolitan area networks (MAN). They can be divided into

two categories:
e Single-mode fibers
e Multi-mode fibers

Single-mode fibers are used for long distances and the core of the fiber has a very small
diameter (9 pm). The multi-mode fiber is used for shorter distance and it is used for more
wavelengths, which is ensured by the variable refractive index of the fiber. In that case
the light is bent smoothly according to the refractive index. The core diameter is 50 ym
or 62.5 um. The advantage of optical media is a bigger resistance to the disturbances from
the environment (for example temperature) than electrical media. But the disadvantage is
the necessity of several very expensive parts, such as lasers, optical-to-electro converters,
etc.

The basic structure of the optical connection with a respect to time measurement is

shown in the following figure (Fig. 4.5)

Receiver

Add/Drop
Multiplexer

Receiver

EO Modulator

T

, .
Tl BN EEN

EO Modulator

Receiver g -
Propagation delay measurement

Figure 4.5: Structure of optical interconnection

The basic principle of the system is transmitting the delay measurement (synchroniza-
tion) signal to the timestamp device. The other signals (clock, reset, etc. ) are also
transmitted to the timestamp devices. The electrical signals are transformed to the op-
tical signal using electro-optical modulators. Then signals are combined with the Dense
Wavelength Divison Multiplexing (DWDM) multiplexer (MUX in the figure). The signal,
which is used for the delay measurement of the whole transmission line, is added into the
DWDM multiplex using the add/drop multiplexer (OADM). In the place with the times-
tamp device, there is a demultiplexer (DEMUX) to separate each signal by wavelength.

The delay measurement signal has to be propagated back to the central control unit in

14
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the same fiber, which requires a reflection of the wavelength used for this signal. A special
component for the reflection is used before the demultiplexing and it is called fiber bragg

grating (FBG). The system requires the following parts:
o Electro-optical modulator
¢ DWDM Multiplexer and demultiplexer
e OADM Multiplexer
e FBG

Their principles are explained in the following subsections.

4.2.1 Electro-optical modulator

An electro-optical modulator is an analog intensity (optical amplitude) modulator. The
modulation is caused by changing the refractive index of the material using a modulating

voltage. LiNDbOj is the material, which the modulator is made from.

Transfer function - P = 1.47mW (01T - S/N 4508F300)

— Measured
| [=—sndegree poiynorial

) 1 2 3 4 g 3 7 g 9 10

Figure 4.6: Transfer function of the electro-optical modulator

The modulating voltage consists of a bias voltage (Upias) and an RF voltage. The
bias voltage determines the working point of the modulator. The modulator works as an
amplitude modulator and its transfer function is a sine wave. It is shown in Fig. 4.6
(Output optical power - Poyg vs. bias voltage - Upias). Three working points are possible,
MIN, MAX and quadrature, depending on the position at the transfer function. The MIN
and MAX working points are used for the digital communication. The quadrature working
point is used for analog applications and it is located in the middle of the linear region of
the transfer function. But a problem with the working point is its stability. The transfer
function moves in the horizontal axis. It is caused by the material which the modulator is
made from. That is why the bias voltage has to be controlled to keep the same position of

the working point.
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Control is feasible in two ways. The first way is superimposing a 1kHz tone signal
to the modulating signal. It allows a photodiode in the modulator (created during the
manufacturing). The photodiode is used for feedback measurement of the effect of the
superimposing tone signal. The tone signal causes additional 2nd and 3rd harmonic dis-
tortion in the signal. The best setting is the lowest harmonic distortion caused by a 1kHz
tone signal. Another way to control the bias voltage is by comparing the input optical
power with the output optical power. The advantage of this method is that there is no
additional signal in the modulating signal. It means no additional jitter. A disadvantage
is adding optocouplers in front of and behind the modulator. The following figure (Fig.

4.7) shows inputs and outputs of the modulator.

IN----= > optical input optical output|----- > QUT
modulating output
voltage photodiode
PD
RF  bias

Figure 4.7: Inputs and outputs of EO modulator

4.2.2 DWDM Multiplexer and demultiplexer

There are 4 channels in the multiplexer and demultiplexer for DWDM multiplex. Inputs
are labeled with a specific number of the channel (according to ITU) on the multiplexer

and vice versa on the demultiplexer.

4.2.3 OADM Multiplexer

The add/drop multiplexer has two inputs. The first input is for one way communication.
The second input is named add/drop. The function is that the signal can be transmitted
in both ways through this port. This feature is used for the delay measurement in the

system.

4.2.4 FBG

The FBG is a component which behaves as a reflector for a signal with a specific wave-
length. The structure of the FBG is set for the specific wavelength that is reflected by
the manufacturer. The other wavelengths pass through the fiber bragg grating without

influence.
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Chapter 5
Time-to-digital converters

The time to digital converter is a stopwatch in principle. The task is to measure time
between events or start-stop and after the measurement, the TDC gives the digital value
which represents the time between the start and stop events.. There can be many formats
of the number but the most common is a standard binary value where the LSB corresponds
to one time unit. In that case, the LSB determines the resolution of the TDC.

Probably the simplest TDC is a counter where the clock signal sets the resolution and
stability. This type of TDC is made only from digital blocks. The counter is shown in
Fig. 5.1. Converters can also be made from analogue blocks instead of digital blocks, but
the final stage in converters is the implementation of an analog-to-digital converter or a
coder. The TDCs differ in the way the LSB is created. This is possible to do by analogue
components or digital components. The method used depends on the desired resolution.
A resolution around 100ps corresponds to the frequency above 10GHz. That is the reason

why a more sophisticated method has to be chosen than a simple counter.

CLOCK GENERATOR
(known frequency)

COUNTER

J_I Reset

Figure 5.1: Simple TDC with a counter

The more sophisticated method lies in the design of a chain of delay elements. The
delay element can be estabilished from D-flip-flops for high frequencies. Using capacitors
instead of D-flip-flops is a better way. They allow higher resolution and they have another
advantage. The delay can be adjusted by the voltage, which can be controlled.
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5.1 Overview

Most TDCs divide the functionality into two blocks. One block is dedicated to increasing
the dynamic range of the whole measurement, e.g. seconds or hundreds of seconds. The
second block provides the high resolution, e.g. tens of picoseconds.

The coarse counter is suitable for increasing the dynamic range. The counter runs on
a very stable frequency. This frequency can be obtained from a stable clock generator
or a Phase-Locked-Loop (PLL) which is connected to the stable clock generator. A GPS
standard is able to be used as the clock generator. The GPS standard produces a 10MHz
signal with 1ps stability, meaning a period of 100ns. The resolution of 100ns is small even
as the resolution of the coarse counter. The smaller resolution of the coarse counter, the
higher requirements of the fine measurement circuitry. It can complicate the design of the
fine measurement circuitry. Nowdays, counters are capable of running on frequencies higher
than 100MHz, i.e. 10ns resolution at least. The FPGA makes such counters possible. The
counter in FPGA is synchronous, that means every flip-flop reacts simultaneously. An
asynchronous implementation of the counter is not convenient because the whole system
in FPGA is designed as synchronous. Furthermore the addition of a synchronization stage
complicates the design. The width of the counter corresponds to the dynamic range. The
dynamic range is doubled with an increasing bit width of one.

The fine measurement circuitry can be designed in several ways. Commonly used

methods are:
e Tapped delay line
e Vernier method

e Time-to-amplitude converter (requires analog-to-digital converter at the output in
order to establish TDC, often called ramp TDC)

e Ring oscillator

5.1.1 Tapped delay line

The main principle is based on the chain of delay elements. The delay element determines

the resolution. It is shown in Fig. 5.2.

A
\
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Figure 5.2: Structure of tapped delay line
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The delay element can be established as a repeater, that is the simple way. The
propagation delay of the repeater depends on the technology. It can be adjusted during
the designing phase and is usually fixed, there is a possibility to control the propagation
delay by voltage. In that case, the delay element is based on a capacitor (varicap). In
digital systems, the delay element is the D-flip-flop or the wire (form of connection in the
device) can be used as the delay element.

Taps in the delay line (Fig. 5.2) determine the resolution. In the simplest case, the
output is in a thermometric code, that is why the coder is needed in order to obtain the

number in the binary code. It is a simple logic circuit.

5.1.2 Vernier method

The Vernier method [15] is based on generating two signals with the frequency of fiand
f2. The periods (T1and T'3) of these signals are related to each other with either formula

5.1 or 5.2. Parameter m is the number of fractions of period T';.

T, =T - m—1 (5.1)
m
1
YO (5.2)
m

The method uses coincidences of the generators and the time intervals between the
start or stop signal and coincidences of the generators is measured with counters. The

block diagram of the one possible solution of the Vernier method is shown in Fig. 5.3.

COINCIDENCE

DETECTOR

GENERATOR
f2

GENERATOR
fy

COINCIDENCE
DETECTOR

Figure 5.3: Block diagram of Vernier method

The measured time interval (#y) is given by formula 5.3 and formula 5.4.
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ny-To+ng Ty =ty +ng-To (5.3)

t, = (n1 — nz) To 4+ ng, - Th (54)

5.1.3 Ramp TDC

The ramp method can be composed of 2 conversions. The first part is the time-to-analog
conversion and the second part is the analog-to-digital conversion. The block diagram can
be seen in Fig. 5.4.

The main part of the time-to-analog conversion is an integrator, which integrates the
constant current. The integration process is executed with start signal and it is ended with
stop signal. After the integration process, the value stored in the integrator is converted
with the analog-to-digital converter. The result corresponds to the measured time interval.
The current for the integrator, the range and the step of the analog-to-digital converter

determine the resolution of the ramp TDC.

A/D Converter
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Figure 5.4: Block diagram of Ramp TDC

5.1.4 Timing chips

Timing integrated circuits with unusual architecture can be found as a product of research
institutes, that are concerned with precise timing. For example, one of them is the DRS
chip from PSI'. This chip is for a wave reconstruction and it can be used as TDC with
control circuitry, such as FPGA.

Another possibilty of finding timing chips is on the market. A few chips dedicated
for TDC are commercially available on the market. It is only a basic component without
any controlling. That is why it is not simple to use these chips and there are no suitable

evaluation boards on the market. Table 5.1 shows chips on the market.

'PSI - Paul Scherrer Institute, Switzerland
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Table 5.1: TDCs available on the market

’ Manufacturer ‘ Symbol ‘ Resolution | Measurement range
TI TDC7200 55 ps 8 ms
TI THS788 13 ps 7s
AMS TDC-GP22 22 ps 4 ms
AMS TDC-GPX 10 ps 10 ps
AMS TDC-GPX2 10 ps 16 s
MAXIM MAX35101 20 ps 8 ms

An example from the market is THS788 [6] from TI2, the resolution of this chip is 13ps
according to the datasheet. This chip can be used for comparison with other methods,
such as FPGA based TDC.

5.1.5 Other methods

The other methods can also be done in an offline analysis. One example is a correlation.
Suppose, there are original and delayed signals. If the correlation function is computed,
the maximum can be found. The correlation is computed according to formula 5.5. The
shift of the correlation to its maximum corresponds to the delay. The resolution of this
method is a sampling period of the taken samples. So it is in the order of nanoseconds.
There are some ways to increase the resolution, for example a non-even distribution of

samples with a specific shape of the measured signal.

(f*9)( Z F(m) - g(m +n) (5.5)

m=—oc
The correlation method is able to be performed online via hardware. The computing
requirements for the hardware are high because of multiplications.
Several interesting methods can be found in the papers, such as using a quadrature
clock [13], subnanosecond TDC using FPGA I/0 resources [11], etc.

2TI - Texas Instruments Incorporated
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5.2 TDC based on FPGA

Several ways exist to implement TDC in FPGA [12]. The TDC performs 2 measurements,
the coarse and the fine measurement. Modern FPGAs including low-cost families can run
on a frequency of almost 500MHz, high-end families (Stratix 10) can run on 1GHz. The
frequency is used for the coarse measurement which is based on the counter. It can be seen
in Fig. 5.5.

Another type of measurement is a fine measurement. It determines the resolution of

the time measurement, i.e. least significant bit. The delay of one element determines the

COARSE

COUNTER

resolution.

Figure 5.5: Coarse measurement

The delay element can be designed in different ways. In the first step, the delay can
be obtained using a phase-locked loop. An option of a phase shift output is used. For
example, the development kit DEO-nano [8] with Cyclone IV device family [3| has PLL
with phase shifting by 45°. That means a delay of approximately 265ps, when the period
of the output clock of PLL is 2120ps (maximum output frequency of 470MHz). The block
diagram of a PLL based delay line is shown in Fig. 5.6.

J_ Reset

Coarse time

Figure 5.6: Fine measurement with PLL

A possibility of delay from 3ps to 100ps is in FPGAs from Xilinx using the clock
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management. But it cannot be used, because of the limited number of these delay elements
in FPGA. It would be about 200-800 elements for 600ps-2400ps total delay. Only 4 or 6
clock management units are in most FPGAs. The resolution of 265 ps (obtained by phase
shifting) is not high enough, ten times higher resolution is needed. That is the reason for
using the fastest connection in FPGA, where taps can be placed. The fastest connection
is carry between logic elements (look-up tables). They are basic elements of the structure
of FPGA. For Cyclone IV the delay of one carry is 58ps according to the simulation (it
will be mentioned in Subchapter 5.2.2).

5.2.1 Carry chain

Logic Array Blocks (LAB) are basic building elements in FPGAs. They consist of Logic
Elements (LE). The logic elements contain look-up tables (LUT), D flip-flops, multiplexers

and interconnections. The structure is shown in Fig. 5.7.
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Figure 5.7: Simple structure of logic blocks in FPGA

The carry connection is between the look-up tables or logic array blocks. The carry
connection brings another problem with the delay line. The path between the logic array
blocks is not the same as the path between look-up tables (t; and T2 in Fig. 5.7). The
delay from the output of the LUT to D flip-flop is not important from a delay line point
of view, because it is the same in each logic element. The carry connection exists in the
adder. The adder is used for the carry chain structure of n elements. The N-bit adder
equals a carry chain of n-elements. It is better to write the n-bit adder in VHDL [16]
instead of using generated component from a library due to the adjustability of the adder
component. Then, the output of the adder is used as taps from the delay line. The output
of the LUT is connected to the D flip-flop which represents one bit of a register. It can be
seen in Fig. 5.8.
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start
clk
rst

stop=

time

Figure 5.8: Fine measurement with carry chain

The delay is longer between LABs than between LUTs. That is why a wave generator is
necessary. The wave generator transmits a signal with one transition or several transitions
from 0 to 1 and vice versa via carry chain [14]. The signal is transmitted periodically. One
transition corresponds to a thermometric code on the output of the carry chain. A simple
combinatorial logic detects a position of the transition. It is shown in Fig. 5.9. Then an
encoder is applied from the one-hot code to the binary code. That is a lower part (lower
bits) of the final number, the higher part (higher bits) is obtained by the coarse counter.
The number of delay elements should be to the power of 2 due to the complexity of the

encoder.

>
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Figure 5.9: Detection of transition

The important blocks in Fig. 5.8 were mentioned except for a calibration unit. The
goal of the calibration unit is to establish a look-up-table with time values. It is due to
different delays especially between LUTs and LABs (11 and t3). The calibration consists
of 3 phases. The unit contains a histogram and calculation algorithm. The initialization of
a RAM for the histogram is the first phase. Making a histogram from random hits is the
second phase. The computation of time values and saving them into LUT is the last phase.
The time values (#;) depend on the count of all hits, on the count of hits for each element
(hits;) and on clock period of the wave (Tcrk). The period of the wave corresponds to

the length of the carry chain. The time values are computed with the following formula:
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N TCLK . hitSj

i—1
ti= ———— t 5.6
ZthSj + Z k ( )
J

If the count of the hits per each element is the same, the increment will be the same.

Several transitions are needed for obtaining better resolution because of the possibility
of longer delay between logic array blocks. In that case, the encoder has to be much more
sophisticated. It has to be divided into 2 parts, one part for 0-1 transitions and another
part for 1-0 transitions. More transitions in the wave ensure more accurate localization of
longer delays in the carry chain. It is caused by averaging the position. When the wave
propagates via longer delay, the gap with zeros or ones between positions of the transitions
is lengthened. Here is an example for an 8-bit carry chain: the carry chain output changes
from 110011110 to 11000111. It is shown in Fig. 5.10.

direction of propagation

B ——

Y“TTT]o0[TT1
LAt 111000 [T
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Figure 5.10: Example of wave propagatio for 8-bit of carry chain

The following two figure shows a logic element in FPGA for a better illustration of
the carry structure implementation. Fig. 5.11 shows the logic element of the Cyclone IV

device family, Fig. 5.12 shows the Cyclone V device family [2].

WD—M—D_{)7D T
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T

Figure 5.11: Logic element in Cyclone IV device family
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Figure 5.12: Logic element in Cyclone V device family

The structure is quite different. The adder is already presented in the Cyclone V device
family and the carry exists between adders. The input of the adder is not used, because one
input has to be in the logic value 0 and another input has to be in the logic value 1. Then,
the signal propagates via the carry chain. The synthesizer and its optimizations removes
the adder and they substitute it by gates and constant values. The solution controls the
input signals of the adder with a dedicated signal which switches the values on adder
inputs. It means one combination during reset and another one during the running. It can
be seen simply in following VHDL code.

process(sw)
begin
if (sw = "0’) then
a <= (others => '0’);
b <= (others => '1’);
else
a <= (others => 0’);
b <= (others => "0’);
end if;
end process;

It results in that synthesizer putting the adder in the right way instead of gates and

constant values. The usage of FPGA resources for a 5-bit calibration unit, i.e. 32bit long

carry chain, is in Table 5.2.
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Table 5.2: The usage of FPGA for 5-bit calibration unit

Logic utilizations (ALMs) ‘ 275 ‘

Total registers 195
Total memory bits 1280
Total PLLs 1/4

5.2.2 Simulations

The simulations were done for 2 Cyclone device families. The first device family is a DEO-

nano development kit, which is populated with Cyclone IV. The second device family is
the Cyclone V. GX Starter kit 7], which is populated with 5CGXFC5C6F27C7 FPGA.
You can see the TimeQuest Timing Analyzer output from Quartus II software for Cyclone
IV (DEO-nano development kit) in Fig. 5.13. The TimeQuest Timing Analyzer is used for

the timing analysis of the delay between elements of the carry chain structure. The delay

is 58ps for Cyclone IV E.

Dela‘;' From Node To Node
il 1.680 wave_gen|Mux0~0|combout  carry|dout[15] ~48|cn
Path #1: Delay is 1.660 Path #1:
Path Summary Statistics Data Path Path Sum
Total Incr RF Type Fanout Location Element = Tota
1 4 1.660 1.660 data path 12
1 0.000 0.000 1 LCCOMB_X30_Y21_MN4 wave_gen |Mu; 13
2 0.385 0.385 RR IC 1 LCCOMB_X29_Y21_M16 carry|dout[0] - 14
SE 0.7%0  0.405 RR  CELL 1 LCCOMB_X25_ Y21 N16  carryldout[o]- 15
1 0.750 : Ic z LCCOMB_X25_Y21 N18  carry|doutd]-/ S| |15
== 0.843 CELL 1 LCCOMB_X29_Y21_N13 carry|dout[0] - 17
“lls 0.848 — IC i LCCOMB_X29_ Y21 _MN20 carry|dout[1] - 18
7 0.506  0.058 1 LCCOMB_X29 Y21 N20  carryldout[1]- 19
8 0.006 0000 RR D LI eld y O @ﬂ@xevﬁeﬂ'] eerr}Eout[Z] of |l {20
9 0.964 0.058 RF CELL 1 LCCOMB_X29_Y21 _N22 carry|dout[2] - 21
10 0.964 0.000 FF IC 2 LCCOMB_X29_Y¥21 MN24 carry|dout[3] - 22
1 1022 0058 FR CEL 1 LCCOMB_X25_Y21 N24  carryldout[3]- 23
12 1022 0000 RRIC 2 LCCOMB_X25_Y21_N26  carryldout[4]- 24
— ||| 13 1.080 0.058 RF CELL 1 LCCOMB_X29_Y21 N26 carry|dout[4] - 25
= |l 1% 1,080 0,000 i IC 2 LCCOMB_X25_Y21_MN28 carry|dout[5] - 26
|l 25 1138 0058 FR CELL 1 LCCOMB_X25_ Y21 N28  carryldout[5] 27
— || 16 1138 0000 RR  IC 2 LCCOMB_X23 Y21 N30  carry|dout[6]- 28
17 1.196 0.058 RF CELL 1 LCCOMB_X29_Y21 N30 carry|dout[6] - 29
- || 18 1,196 0,000 FF IC 2 LCCOMB_X29_Y20_NO carry|dout[7]- | |30
‘| n | 3 4 |

Figure 5.13: Cyclone IV - TimeQuest Analyzer

The functionality of the carry chain with 16 elements can be seen in Fig. 5.14. This

simulation is done in ModelSim from Mentor Graphics using an sdo (standard delay format

output) file generated by Quartus.
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Figure 5.14: Cyclone IV - Simulation of carry chain

The problem with different paths was mentioned in the previous part (Subsection 5.2.1,

second paragraph). A wave with several transitions is shown in Fig. 5.15.

Figure 5.15: One possible shape of the wave

A problem with simulations is generating sdo files for Cyclone V, the comparison with
TimeQuest Timing Analyzer results for the Cyclone V family is not possible because there
is no sdo data for this family from the manufacturer. It is good to divide the simulations
into 2 parts for the first look. The part without the carry chain structure and the simulation
of the carry chain structure using sdo files. Without the sdo files, the simulation of the
carry chain structure is useless. The heart of the whole system is the calibration unit, where
the look-up-table with computed time values is established according to the calibration.

The calibration process is divided into 3 phases as mentioned in the previous part.
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Figure 5.16: Simulation of calibration unit

Fig. 5.16 shows the end of the last phase. It is a reading of a look-up-table where

time values (increment) obtained by calibration are stored. Time values are calculated

according to formula 5.6. The hits are evenly distributed. Thus, the read increment of the

delay is the same for each address.

FPGAs are primarily meant for synchronous systems. This assumption and the neces-

sity of the calibration (seen in previous figures) make the implementation in FPGAs very
difficult. Thus the effort should be focused on TDCs based on special timing chips which

are dedicated to the time measurement.
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5.3 TDC with the THS788 - USB2.0

THS788 is a chip from TI, which can be found on the market since March 2010. No evalu-
ation boards or application notes are available. THS788 is a high speed time measurement
device with high resolution. It measures time between signal on sync input and event in-
put. Basic parameters of the chip are shown in Table 5.3. Event inputs and result outputs
are LVDS compatible. A host serial interface ensures all programming of THS788 and the
interface uses an LVCMOS standard.

Table 5.3: Parameters of THS788

’ Parameters ‘ Value ‘
Supply voltage 3.3V
Number of channels 4
Resolution (LSB) 13ps
Range Up to 7s
Event input rate Up to 200MHz

The evaluation board was designed for test purposes and measurements. The block
diagram is shown in Fig. 5.17. The main part is the THS788 chip, which has LVDS com-
patible event inputs. That is why LVDS drivers are used as translators from a single-ended
5012 signal. An FPGA is used as a controller. The development kit with FPGA is used
due to the first implementation and understanding of THS788 behaviour. Communication
with a PC is provided with an FTDI chip as the UART.

T ] J
VDS f—p| oo [—>| FPGA [—p| FTDI &
Drivers € (DEO-nano) [ (FT230x5)

Status
LE Ds

il

Figure 5.17: Block diagram of evaluation board with THS788

The DEO-nano development kit from Terasic® is populated with a Cyclone IV chip
(EP4CE22F17C6). The development kit contains two 2x20pin headers which are used
for communtication with THS788. The kit features an analog-to-digital converter. The
die temperature of THS788 is measured by the ADC available on the kit. After the
functionality test of the evaluation board with an FPGA development kit, the next step is
considering to design a new TDC with improved parameters. The FPGA development kit
is a good solution as a baseboard platform, but the FPGA uses only necessary additional

components on the kit.

3Terasic Technologies Inc., Taiwan
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A short description of the evaluation board is in the next subsection (Subsection 5.3.1).

5.3.1 Evaluation board THS788

The board designed in Altium designer was manufactured for test purposes. The basic
components on the board and communication between the FPGA and the computer has
already been tested. Because of that, a firmware was developed for read-out of the THS788.
The next figure shows PCB - (a) unpopulated and (b) populated.
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(a) Unpopulated (b) Populated

Figure 5.18: Evaluation board

The measuring single ended inputs of TDC on PCB are populated with SMA connectors
with a 50€2 impedance. The board is populated with LVDS transceivers SN65LVDS049
[5] from TI. These chips contain drivers and receivers. The receivers are used for results
interface of the THS788 in order to have LVCMOS inputs for FPGA data processing. Table
5.4 shows the features of LVDS transceivers. The UART is chosen for communication
between TDC and the FTDI chip. The USB ensures the communication between FTDI
chip and the computer. The FTDI chip FT230XS [10] emulates a virtual COM port in the

computer. The parameters are in Table 5.5.
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Table 5.4: Parameters of LVDS transceivers

’ Parameter ‘ Value
Supply voltage 3.3V

Signal rate 400Mbps
Driver propagation delay 1.4ns
Receiver propagation delay 1.9ns
Channel-to-channel skew o0ps

Table 5.5: Parameters of FT230XS

’ Parameter ‘ Value ‘
Supply voltage 5V
Data rate 300Bd - 3MBd
Output 3.3V CMOS

In the next figure (Fig. 5.19), the whole TDC can be seen, i.e. the evaluation board
with the THS788 connected to the DE0O-nano development kit.

Figure 5.19: Photo of the TDC device

5.3.2 TDC read-out system in FPGA

The read-out firmware was designed in VHDL. The system is divided into several parts:
e a control unit

a host state machine

a result processing unit
e a temperature unit

e a communication unit
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The block diagram is shown in Fig. 5.20. The communication unit uses standard UART
protocol. It is established between the TDC and a computer. A specific packet with a
header (55) and a tail (AFp) ensures the correct control data, otherwise the data is not
used. A finite state machine has to gather the data into the packet (the description of the
packet will be mentioned in Subsection 5.4.1).

The control unit switches between the communication unit and the host state machine
or the communication unit and the result processing unit.

The host state machine controls communication between the FPGA and the THS788.
It ensures the correct reading and writing process of control registers in THS788.

The result processing unit is responsible for the result interface of the THS788 chip.
The interface has its own clock domain, which is generated by the THS788. It can be
from 75MHz up to 300MHz. Because of the resynchronization to another clock domain,
the FIFO in FPGA is necessary.

—>
HOST
—3 v 4!
STATE
MACHINE
—Pp —P ¢—
CONTROL [@—p{ comm. |—P
UNIT UNIT |—P
—> —P —p
RESULT
> PROCESSING
> UNIT
TE MPERAT URE
— > UNIT

Figure 5.20: Block diagram of control firmware

The temperature unit controls the ADC on the DEO-Nano development kit and it
computes the die temperature of the THS788 according to the obtained number from the
ADC. The temperature measurement is made continuously and the die temperature is put
into every packet transmitted to the PC. The ADC on the DE(O-Nano kit is ADC1285022.
It is a 12-bit converter. The reference voltage is 3.3V (Uys) . The resolution of the
converter (AU apc) is obtained by the following formula.

Urey 3.3

o = 513 = 0-0008V = 0.8mV’ (5.7)

According to the THS788 datasheet, the temperature dependence (Ui¢) is 5mV per
1°C. The temperature resolution of one bit of ADC (AT zpc) is computed by formula 5.8.

AUapc =

AU 0.8 °C
ATapc = Ufé’c == =016 (5.8)




CHAPTER 5. TIME-TO-DIGITAL CONVERTERS

The temperature resolution is sufficient for 8-bit unsigned representation (1 bit is 1°C),

which is used in the read-out system.

5.3.3 THS788 Power dissipation

The temperature can effect the stability of the results even if there is an internal compensa-
tion. Because of that, there has to be a heatsink on the chip or some kind of active cooling.
The TEMP pin of the THS788 provides the voltage corresponding to the die temperature.

The pin can be used for active cooling. Parameteres for passive cooling are shown in Table
5.6.

Table 5.6: Thermal parameters of THS788

Parameter ‘ Value ‘
Junction temperature (max) | v 105°C
Ambient temperature Ug 25°C

Resistance - junction to pad | Rj. | 3.11W/°C
Resistance - pad to heatsink | Reg | 0.2W/°C
Total power 3.0525W

The heatsink parametrs should be calculated from thermal resistances mentioned above.
It is done with the following formula (5.9):

0 — 4

pP< 5.9
o jc + Rcs + Rsa ( )
After putting the values into formula 5.9:
105 — 25

3.0525 < 5.10
311 +0.2+ Ry, ( )

Now the parameter of the thermal resistance of the heatsink is obtained.

w

Rsq = 22'998°C (5.11)

The results correspond to operation of all 4 channels, 300MHz clock frequency of results
interface and 34bits wide result word.

The temperature measurement was made without heatsink using the TEMP pin of
THS788, which provides the information about die temperature. The ADC on the DEO-
Nano is used for the measurement. The conversion from Volts into the degrees of Celsius
is done in FPGA with integer representation. The following figure shows one hour mea-

surement with the THS788 in different modes. The used modes for the measurement are:
e RCLK (result clock) disabled and all channells disabled
¢ RCLK enabled and all channels disabled
o RCLK enabled, channel 1 enabled and channel 2-4 disabled

e RCLK enabled, channel 1-2 enabled and channel 3-4 disabled
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Figure 5.21: Die temperature of the THS788 in different modes

The temperature is shown in Fig. 5.21. The first mode (up to 250s) is with disabled
RCLK generation (quiet mode). After several minutes, the RCLK are enabled (250s-750s,
the second mode). It causes an increase in temperature of 2°C. Then the first channel is
enabled (750s-1850s) and after several minutes the second channel is enabled (1850s-2500s).
Then the channels are disabled one by one.

From the plot, the temperature dependance on the number of running channels can
be seen. It is 15°C per enabled channel without any heatsink. The third and the fourth
channels are disabled as a precaution and they are not used for the measurement, because

the final temperature would probably be abovel20°C.
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5.4 TDC with the THS788 - USB3.0 with return channel

According to the previous TDC with USB2.0, the new version of TDC was designed in order
to increase the data throughput and to make synchronization easier. The main difference
is in the communication between TDC and the PC and the return channel dedicated to
the synchronization.

The communication is established with the FTDI chip FT600Q [9] via USB3.0. The
FTDI chip is a USB3.0 to FIFO bridge. The parameters of the chip are in Tab. 5.7.
The width of the FIFO bridge is 16b. The clock frequency of the FIFO is either 66MHz
or 100MHz. According to the frequency and the FIFO width, the maximum data rate is
either 1.056Gbps or 1.6Gbps, which is significantly better than the previous version.

Table 5.7: Parameters of FT600Q

’ Parameter ‘ Value ‘
Supply voltage 3.3V
Data rate (FIFO) | Up to 1.6Gbps
FIFO Width 16b

The synchronization principle of several TDCs is mentioned in the previous chapter.
Due to the synchronization based on the propagation delay measurement, the return chan-
nel is added into the TDC. The synchronization signal to the TDC propagates into the
timing chip itself and back through the return channel. A block diagram is shown in Fig.
5.22.

Buffer

LVDS | FPGA |—»| FTDI &
e (DEO-nano) . (FT600Q)

Drivers
v

Status
LEDs

il

il

Figure 5.22: Block diagram of TDC with USB3.0

The block diagram is very similar to the previous version of TDC described in the
section before. The main difference is the return channel as already mentiond. The return
channel is provided with the clock buffer chip CDCLVC1102 [4] from TI. The main inter-
esting parameters of the chip are in Tab. 5.8. The communication with the THS788 chip

is done by the FPGA in the development kit, it is the same as the previous version.
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Table 5.8: Parameters of CDCLVC1102

’ Parameter ‘ Value ‘
Supply voltage 2.5V or 3.3V
Additive jitter < 100fs
Pin-to-pin skew < 50ps

Maximum frequency | 250MHz (3.3V)

The TDC with USB 3.0 was designed as a fully operational stand-alone device. The
assembled PCB of the TDC with a passive heatsink from the top view is shown in Fig
5.23. The TDC in the housing is seen in Fig. 5.24 from the measurement inputs side and
in Fig. 5.25 from the communication side (microUSB 3.0 connector, status LEDs, reset

button and power jack connector).

Figure 5.23: Top view of assembled PCB of TDC with USB3.0

Figure 5.24: Photo of TDC with USB3.0 from the measurement inputs side
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Figure 5.25: Photo of TDC with USB3.0 from the communication side

5.4.1 Simulations

Because the main part is the same as the previous version, only the necessary simulations of
the firmware in FPGA were done. The reported simulations are done for communication
between FPGA and FTDI. The next figures show the write operation (from FPGA to
FTDI) and read operation (from FTDI to FPGA). The communication uses a 64 bit wide
packet with the header (55) and the tail (AFy) for the communication from the device,
the structure is in Tab. 5.9. It means 48 bits for data. The packet is divided into 4
subpackets with 16b for FTDI. These subpackets are written into FTDI FIFO successively.
It is seen in Fig. 5.26 for two different test packets, the whole packet as fifo_write data_in
signal and subpackets as ftdi _data signal (bidirectional FTDI 16 bit wide FIFO bus). In
addition, there are other F'T'DI signals, with names corresponding to the pin name of the
FTDI chip.

Table 5.9: Data packet from TDC

’ Head ‘ Data ‘ Channel ID | Temperature ‘ Tasl ‘

8b 40b 2b 6b 8b
551 - - - AFg

Figure 5.26: Simulation - Writing to FTDI

The packet for the communication into the device is only 48b wide. The header and
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the tail are the same. The structure of the packet is in Tab. 5.10. The packet is wider
in comparison with TDC with USB2.0 because of requirements for the width, which is a

multiple of 16.

Table 5.10: Configuration packet to TDC

’ Head ‘ Operation code ‘ Data ‘ Tail ‘

8b 8b 24b 8b
95H - - AFy

The operation code contains information about the mode of operation and an address
of registers in the THS788. There are four modes, read registers, write regiters, idle and
read results. The reading operation for the test packet (5501020304AFy) is in Fig. 5.27.
The signal names are the same as the write operation simulation. The received packet
is stored in the received FIFO in 3 subpacktes (16 bit wide FTDI bus and 48 bit wide

packet), the signal name is fifo read data_out.

Figure 5.27: Simulation - Reading from FTDI

5.4.2 PC Control application

The control application is written in three versions (the full version, the lite version and
the user version) in the C# language in Microsoft Visual studio as .NET application, which
requires .NET framework.

The full version is an application, which allows access to registers in TDC by a user
and to change values in the registers according to the user.

The lite version is a click-and-log application, which allows setting of the TDC by one
click on the button.

The necessity of using the TDC by people who are not familiar with the TDC has led

to development of the user version.

Full version

The full version is designed for reading and setting all registers, changing the TDC modes
(four modes, read registers, write regiters, idle and read results) and data logging. The

main purpose is debbugging. The screenshot of the full version is in Fig. 5.28.
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Figure 5.28: Screenshot of the full version

Log Visible Off

The connection with TDC is established by the Connect TMU button (on the right in
the screenshot). The application searches all connected FTDI devices and select the TDC

device according to the serial number. The split menu allows the register to be chosen,

whose bits will be set. After the choice, the new window with bits in selected register will

show. The next figure shows the split menu (Fig

. 5.29a) and bit setting (Fig. 5.29b).

ﬁ TIME MEASUREMENT UNIT - Control interface
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Figure 5.29: Register settings

[ Synchronization Polarity
[ Synchronization Input Enable
] Power Down

[] RCLK Enable

[ Quiet Mode

The channel being configured is chosen with the radio buttons. The operation mode is

chosen with radio buttons (Mode group in the middle of the screenshot). After putting the
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right values into the register and selecting the modes, the operation is confirmed by clicking
on the OK button and the configuration packet is prepared. Then the configuration packet
is sent using the Send button. The proper setting is confirmed by receiving the confirmation
packet with AAAAAAp in the data field. The measured time interval is shown next to the
label Time with the corresponding channel and the count of all received measurements for
the channel of the last received value. It is convenient only for a slow data rate when the
functionality is mainly tested (debbugging). For a higher data rate, it is necessary to save
data into the file.

Lite version

This version is based on the full version, the communication core is the same, but the
motivation is an application with easy and quick settings for taking data. As already
mentioned, the lite version is a click-and-log application. The application provides the list
of connected TDC devices. The TDC device can be opened. The lite version is focused on

debbugging like the full version. There are 4 configurations of the measurement:
e measurement between the rising edge and the rising edge
e measurement between the rising edge and the falling edge
e measurement between the falling edge and the rising edge

¢ measurement between the falling edge and the falling edge

g5l TMU USB3.0 - Batch Setting and Data Logger — O *

Scan Close Set TDC Set TDC Set TDC Set TDC
rising-ising edge risingfalling edge fallingising edge falingfalling edge

List of Connected Devices!

Device[d] Mode: M Logto file: Disabled
Flags: (x4 [USB3] | Type: 600 | ID: (x0403601E ode: Hone glofle: Heabe
ftHandle: (x0
Description: FTDI SuperSpeed-FIFO Bridge Reset TOC

SerialMumber: 000000000002
Device with Serial Number [D00000000002] opened

successfully!
Choose file

Clear data

[] Temperature offsst

Data visible OFF [ Logto file
Calibration offset - Edit enable
Time [ps] Count Calibration offset

A0 0 CH—
g 0

B 0 0 o]
g 0

cC 0 0 o]
g 0

D 0 0 o]
@ 0

Die temperature [*C]:

Figure 5.30: Screenshot of the lite version
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The user selects one of the configurations. After that, the configuration is set and all
channels are enabled. The next function of the lite version is logging data. The data can
be saved into a selected file (new or existing) in text form. The 3 numbers are saved into
the file, time interval, die temperatutere and channel id. The screenshot of the application
is in Fig. 5.30 and the screenshot of the saved file is in Fig. 5.31.

In the screenshot, the buttons for the scan and opening or closing the device are seen
on the left side. The configuration of the measurement is set with 4 buttons on the top.
Read - start button and Read - stop button control the results read from the TDC. The file
for data logging is placed on the right side. The current data can be seen on the bottom

side.

Baooo ' iy
4

. \ Timestamp
o’ Channel

158228

2 Temperature

108004
2

57
37726
1

5T
208702
M

57
158345
3

5T

Figure 5.31: Sample of the text file

User version

Because of requests for using TDC in experiments, it was also necessary to prepare a control
application in a more user friendly version for people who are not familier with TDCs. The
main difference between the user version and the lite version is channel setting. The user
version allows enabling channels separetly (lite version enables or disables all channels at
once). The other options of measurement are kept and they can be chosen. The screenshot
of the application is in Fig. 5.32

You can see the tabs with configuration settings in the screenshot. All settings for
measurement (edge, start, stop, log to file, etc.) are done through these tabs. The tabs
are shown in Fig. 5.33. One of the tabs is intended for calibration. The calibration data
can be filled in the tab and the TDC uses them. A detailed description of the calibration

is in Subsection 7.2.1.
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W TMU USE3 - GUI

Main  About
Last [ps]:

Avg [ps]:
Count:

Last [ps]:

Avg [ps]:
Count:

Last [ps]:

Avg [ps]:
Count:

Last [ps]:

Avg [ps]:
Count:

Die temperature: 0 °C | Calibration: OFF

Connectivity Seiing Measurer| * | *

Find TDC
TDC: TDC USB3.0 BLACK 2
UsB: USB30
Status: TDC Connected
o .

Figure 5.32: Screenshot of the user version

Connectivity Setting  Measurer * | *

Synchronization polarity:
Rising edge [ Falling edge
Set
Channel 1: Rising edge
Disable Faling edge
Channel 2: Rising edge
Enable [ Faling edge
Channel 3: Rising edge
Falling edge
Channel 4 Rising edge
Enable [ Faling edge
Ch1 Ch2 Ch3 Ch4

Channel 1:
0
0
0

Channel 2:
0
0
0

Channel 3:
0
0
0

Channel 4:
0
0
0

Seiting Measurement  Calibrati| * | *

Log to file:

[] Log enable Choose file

M Automatic data update
[ Temperature offset

Clear data

Start

Figure 5.33: Tabs for TDC configuration
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Chapter 6
Error analysis

Currently, time measurement is a very relevant problem, especially with very high resolu-
tion. The desired resolution reaches common values of jitter of the high speed components
(in order of picoseconds or hundreds of femtoseconds). Thus an error and uncertainty of
the measurement have to be analyzed. The question is how to decrease the error and
the uncertainty to their minimum. The question leads to two solutions. The first way
is focused on component selection. The other deals with the electrical parameters of the

components. The pros and cons of each will be shown and summarized.

6.1 Component selection

This approach is based on focusing on the specific parameters of components, which re-
sults in the choice of component. Suppose that time measurement (TDC) has a specific
resolution (¢1y) and the rising (Z;) or the falling (¢r) edge of the measured signal has its
duration. When the edge of the signal is faster than the resolution of the time measure-
ment, the influence of the jitter, drift and other timing parameters will be minimized. The
relation between the rising edge and the resolution of the time measurement is described
with formula 6.1. Formula 6.2 describes the relation between the falling edge and the

resolution.

tra > tr (6.1)

try >ty (6.2)

Meeting these requirements reduces the error and the uncertainty as mentioned before.
The error is caused either by fluctuation of the threshold of components input or the jitter.
If the formulas are followed, the error or uncertainty will be under the capability of the

time measurement.
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6.2 Parameters selection

In the datasheet, there are several important parameters, such as jitter, skew, drift with
the temperature, supply voltage, etc. For the following formulas and calculations, suppose
the time measurement with the resolution #1y and the rising (falling) edge are related
to 1V (ty1v, trv). The input of time measurement has a threshold which can vary with
supply voltage, temperature, etc. This is shown for the rising edge and the falling edge in

the following figure (Fig. 6.1).

AUry
——————————————— I THRESHOLD

-—

Atry
(a) Rising edge
Aty

(b) Falling edge

Figure 6.1: Threshold variation

The following calculations will give us the limit of the slope of the rising edge or the
falling edge (the measurement can use both) which is enough to not degrade the resolution
of the time measurement. In other words, the slope of the edge, which is in the interval of
the threshold voltage related to the resolution of time measurement. Using the following
calculations with particular values will be mentioned in Section 6.3 which is focused on the
TDC with the THS788 chip.

6.2.1 Influence of the threshold drift with supply voltage — AUrpsupply

[V/V]
A[]THsupwnax = AleHsupply : A(Jsupply (63)
trym
toy = —— M 6.4
IV AUvTHsuppmaa: ( )
by = M (6.5)
AUVTH suppmax

Formulas 6.4 and 6.5 give the condition for the rising or the falling edge of the measured
signal (will be used for calculation with the THS788 chip, Section 6.3).
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6.2.2 Influence of the threshold drift with temperature — AUritemp

[V/°C]

AUTHsuppmaac = AUvTHtemp - AT (66)

b
by = M 6.7
v AUvTHtempmaoﬁ ( )

b
t = - 6.8
v AUvTHtempma:z: ( )

6.2.3 Combination of several influences

The influence of the supply voltage and the temperature are combined together which

create the next formulas:

AZJTH = AUvTHsupply . A[]supply + AUvTHtemp - AT (69)
For the rising edge:

trm

triv = 6.10
v AUTHsupply ' AUvsupply + AUTHtemp -AT ( )
For the falling edge:
t
thy = M (6.11)

AUvTHsupply ) AUsupply + AUvTHtemp - AT

The denominator in formulas 6.10 and 6.11 can be extended by increments of other
influences. From the formulas, the real resolution of the time measurement (tryrear) can
be computed according to the components used. Formula 6.12 is for the rising edge and

formula 6.13 is for the falling edge.

tTMreal = ter : (AUTHsupply . A(]mL;lcpry + AUvTHtem]o ' AT) (612)

trMreal = tflV : (AUTHsupply . A(]supply + AUVTHiEemp . AT) (613)

Then the absolute error (Aerror) is:

Aerror :| tT]W?“eal —trm | (6.14)

For the rising edge:
Aerror :‘ tr1v - (AUTHsupply . AUsupply + AUTHtemp . AT) ‘ (6.15)

For the falling edge:
Aerror =[ triv - (AUrHsupply - AUsupply + AUrHtemp - AT) | (6.16)
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The relative error (errorye) is:

A
erToT e = crror (6.17)
trm
The computed resolution is substituted with formula 6.15 or 6.16.
For the rising edge:
erTOT e = | tr1y - (AUTHsupply : A[JS'u,pply + AUvTHteﬂ’Lp : AT) ‘ (618)
trm
For the falling edge:
erTOT g = | tflV : (AUTHsupply . AUvsupply + AU'THtemp i AT) | (619)

trm

From the absolute error, the error interval is determined by formula 6.20.

<_tr1V . (AUTHsupply : AUvsupply + AUTHtemp : AT) )
+trv - (AUTHsupply . A(]supply + AUvTHteWLp . AT» (620)

These values are applied to different signaling levels and a comparison is provided. The
signal can be distributed as a single-ended signal or a differential signal. The amplitude
of the rising edge or falling edge is calculated as a difference between high level (Uy) and
low level (Uty,). For the single-ended signal:

Uedge =Uy —-Up (621)

For the differential signal:

Uedge = (Unp — Unn) — (Urp — UrLy) (6.22)

The transition is considered a linear transition. The edge voltage difference (Ueqge)is
adjusted to the common standard between 10% of the edge voltage difference and 90%
of the edge voltage difference used in datasheets. The adjusted edge voltage difference
(Uedgead;) is then obtained.

Uedgeadj = 0.8 - Ucgge (6.23)

In the following table (Tab. 6.1), the edge voltage difference (Ueqge) and the adjusted
edge voltage difference (U edgeadj) are shown for several signaling levels. The adjusted edge
voltage difference can be used in calculations for the selection of components with the

following steps:

e Calculation of the rising (falling) edge related to 1V (#,1v, tfv) corresponding to the

time measurement resolution (typ)

e Specifying the signal levels (CMOS, LVPECL, LVDS, etc.)

47



CHAPTER 6. ERROR ANALYSIS

e Calculation of the rising (falling) edge related to the chosen standard

¢ Finding proper components on the market

Table 6.1: Voltage levels

’ Signal level ‘ Uedge| V] ‘ U edgeadj| V] ‘

TTL 5 4
CMOS 3.3 2.64
CML 1.6 1.28
LVPECL 1.6 1.28
ECL 1.6 1.28
LVDS 0.8 0.64

The next table shows the relation among signal levels when the length of the rising

edge or the falling edge is kept.

Table 6.2: Voltage levels

| | TTL | CMOS | CML | LVPECL | ECL | LVDS |

TTL 1 0.66 0.32 0.32 0.32 | 0.16
CMOS 1.51 1 0.48 0.48 048 | 0.24
CML 3.125 2.06 1 1 1 0.5
LVPECL | 3.125 2.06 1 1 1 0.5
ECL 3.125 2.06 1 1 1 0.5
LVDS 6.25 4.125 2 2 2 1

From the tables it is seen that LVDS signals are the most convenient, when the slope
rising (falling) edge is the same and it is determined with the power supply, the temper-
ature, etc. But it is always good to consider other conditions which follow up from the
system, e.g. already used components in the system, the length of the interconnections,

etc.

6.2.4 Fluctuation of the power supply

When the same rising edge (the time interval) has to be used, the fluctuation of the power
supply or the fluctuation of the temperature can be different. It is computed by the
following formulas. Suppose we have two power supplies with AUgyppiy1 and A Ugypply2
and have signal levels of Uegge1 and Ueqge2-

tra =trB (6.24)

trA1v - Uedgel =trB1v - UedgeQ (625)
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lrm lrm
Voo 6.26
AUvTHsupply . AU'supplyl AUvTHsupply . AUvsupply2 dge2 ( )
AUvsupplyl =k- AUVsupplyQ (627)
fru +Uedger = fru + Uedge2 (6.28)
AUvTHsupply k- AUvsupplyQ e AUvTHsupply : AUvsupplyQ e
Uecdge
f = —cdgel (6.29)

Uedge2
When the same time interval of the rising edge is kept, the fluctuation of the power
supply used can be k (formula 6.29) times higher for the higher edge voltage difference.
The k ratio is given for common signal levels in Table 6.2. If the same power source is
used, the steepest rising edge or falling edge will have a higher edge voltage difference. It

results in trying to choose signal levels (standards) with low amplitudes.

6.2.5 Jitter analysis of the rising and falling edge

Analysis of the jitter is divided into 2 parts. The first part is focused on the jitter less
than the resolution of the time measurement, i.e. following formula 6.30 (6.31). In that

case, the jittter does not degrade the resolution try.

tryv > tredge—jitter (630)

tra > tfedgefjitter (631)

The other part of the analysis is of jitter higher than the resolution ¢1y. The idea is

shown in Fig. 6.2. In that case, the error is proportional to the jitter (see formula 6.32).

ETTOT jitter = 2- tredge—jitter (632)

ETTOT jitter = itredge—jitter (633)

tfedge-jitter

tredge—jitter

(a) Rising edge (b) Falling edge

Figure 6.2: Jitter
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6.3 Error analysis with the THS788 chip

In the previous chapter, the TDC device with THS788 is described. The formulas men-
tioned in Section 6.2 help to find parameters of signals which are applied on the input
of TDC and the signals don’t worsen the time resolution of TDC. Sections 5.3 and 5.4
deal with TDC based on the THS788 chip. We can put its LSB time resolution into the
aforementioned formulas. Suppose the rise time of the signal on the input of the TDC
board is 1ns (¢;) at 3.3V CMOS signal level and the time resolution (¢1y) of TDC is 13
ps according to the datasheet.

try = —— 34
V=33 (6.34)
1-1079 ns
try = 23 :0.3037 (6.35)
t
AUrp = M (6.36)
ter
13-10712
A = = (.0429V = 42. .
Urg 5303 109 0.0429V OmV (6.37)

These results mean that the fluctuation of the threshold level due to supply voltage,
temperature, etc., which is less than 42.9mV, is negligible because it is under the recognition
capability of the TDC.

We also use the opposite approach of the calculation. If the fluctuation of the threshold
level is known, the maximum rise time of the measured signal can be computed. Suppose
the fluctuation (AUrg) is 25mV and the TDC resolution (¢y) is 13ps.

trm
try = 6.38
N (6.38)
13-10712
"y = ———— =052-1072 = 0.52 .
tr1y S 0o% 0.52-10 0.52ns (6.39)

The slope of 0.52ns results in a rising edge of 1.716ns for 3.3V CMOS signal level which

is achievable with common components on the market.
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Chapter 7
Measurements with designed TDCs

An important part of designing TDC is its testing and measuring. This chapter is divided
into two parts according to the designed TDCs. To be specific, the first part is focused on
the TDC with communication based on USB2.0, which is primarily designed as a board
for a functionality test. The other part deals with TDC with communication via USB3.0
for a higher data rate. This TDC is improved according to experiences with the former
TDC.

7.1 TDC with the THS788 - USB2.0

The TDC with USB2.0 is the first prototype of the designed TDC. The prototype was tested
for functionality of the THS788. It means measurements of time differences between two
signals, pulse width, etc. The first functionality test was done by a continuous input signal
measurement. It should measure the quality of the splitter, whose parameters are known

and checked with oscilloscope. The measured test setup is shown in Fig. 7.1.

FUNCTION {=—»

GENERATOR SPLITTER

TDC >
or - PC

OSCLLOSCOPE

—>
—

Figure 7.1: Test setup

Table 7.1: Parameters of the generated signal

Parameter Value
Mean -30fs
Min -1.2ps
Max 98.8ps
At 100ps
Standard deviation | 10.203ps
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CHAPTER 7. MEASUREMENTS WITH DESIGNED TDCS

The interconnection in the test setup was established with the same cable (material,
length, etc.) using a splitter with a 50Q impedance on the input and outputs. In the
setup, the time measurement unit measures the jitter of the edge in generated signal (time
difference between sync input and event input). The time difference should be zero. This
was proved by an oscilloscope and its statistical measurement calculations. The results
are shown in Tab. 7.1. The mean value is almost zero, corresponding to the previous
assumption. The maximum time difference is 100ps. The next figure (Fig. 7.2) shows the
histogram of the data which is taken by TDC with the read-out system. The histogram
is fitted with the Gauss probability distribution function. The difference between the

maximum and the minimum value is 260ps. It can be seen in Tab. 7.2.

%«10° Histogram of measured data
T T T T T T T T I I
—Raw data

— Fitted data

Mean: 16.2625ps
Sigma: 51.7634ps

/ ~S— g
S I I I I I I I I I I I I [—— N

| | | o
-65 -52 -39 -26 -13 0 13 26 39 52 65 78 91 104 117 130 143 156 169 182 195
t [ps]

Figure 7.2: Histogram of measured data by TDC

Table 7.2: Measured parameters of the generated signal by TDC

Parameter Value
Mean 16.2625ps
Min -65ps
Max 195ps
At 260ps
Standard deviation | 51.7634ps
Samples 4500000

The histogram was also taken for two different ambient temperatures, which were pro-
vided by a climatic chamber. The histograms are plotted in Fig. 7.3. The difference
between ambient temperatures is 20°C. The die temperature is 40°C during the 10°C am-
bient temperature. During a temperature of 30°C, the die temperature is 50°C. Each
temperature was set constant for 24 hours in the climatic chamber. The difference of 20°C

has minimal effect on the results. The statistical parameters are in Tab. 7.3.

02



CHAPTER 7. MEASUREMENTS WITH DESIGNED TDCS

1 %10% Histogram - Ambient temperature
T T T T T T T T T T T I I I I I I

—Ambient temperature 10°C
—Ambient temperature 30°C

10 0\ s

/ \
//
//
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8r / n
/
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\
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Figure 7.3: The effect of ambient temperature

Table 7.3: Statistical parameters for two ambient temperatures

Ambient temperature
10°C | 30°C

Mean 29.6542ps | 29.0360ps

Standard deviation | 59.0742ps | 56.7426ps

Parameter

As mentioned in Chapter 4, the TDC can be used for the propagation delay measure-

ment. The measurement can be repeated and a moving average FIR filter can be applied.

Effect of the length of the filter
260 T T T

234 b

208 1 b

in [ps]
it
S
|

m
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= =
ul ~ o w
N [e¢] Ny o
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| | | |

N
o
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i
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o
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Length of the MA filter [-]

Figure 7.4: Effect of the length of the filter
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Fig. 7.4 shows the effect of the length of the filter. The difference between the maximum
and the minimum value decreases to 10-20ps, which is the resolution of the THS788.

Another measurement mentioned in the beginning of this part is the pulse width mea-
surement. The time difference was taken between the rising and the falling edge of the
pulse. The rising edge triggers the measurement and the measurement is ended at falling
edge. The jitter of the generator used is higher than the resolution of the THS788, thus
the measured jitter should be the same or less. The same test setup as in Fig. 7.1 is used

for the pulse width measurement.

; «10% Histogram - Pulse width
T T T
6 | - —
Mean: 10.0122us
Sigma: 183.5804ps
5L _
4 | - —
w*
3L _
oL _
1L _
| | L L |
1.0011 1.0012 1.0012 1.0013 1.0013
t [ps] %107

Figure 7.5: Pulse width measurement

According to the datasheet, the jitter is +100ppm+500ps. The generated pulse was
10ps wide. It results in +1.5ns jitter. The histogram is shown in Fig. 7.5. From Fig. 7.5,
the jitter (worst-case) is £1339ps. It corresponds to the datasheet of the generator.

7.2 TDC with the THS788 - USB3.0 with return channel

The improved device based on experience with TDC - USB2.0 was developed in order to
obtain a higher data rate and add the return channel. The improvements and the descrip-
tion of upgrades are described in Chapter 5. The main differences are the communication
via USB3.0 and the return channel which propagates the sync signal from the input to the
output. It causes the need of calibration in order to equalize all inputs of TDC to zero.

The return channel itself causes a delay of the sync signal, in other words the measuring
time differences of signals with no shift between them results in a negative time (time
offset). The calibration is done by the offset measurement.

The next important measurement is a linearity. It means the comparison of the mea-

sured shift of a signal and the shift set on the generator (as a reference).
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Then other types of measurements will be shown, such as the pulse width measurement

or the propagation delay of a transmission line measurement.

7.2.1 Calibration

As already mentioned, the calibration is based on the measurement of the time offset on the
inputs of TDC. For the offset measurement, signals with no time difference between them
are necessary. This requires a generator with at least two outputs. The TDC measures
the offset of the channel itself in such configuration. The condition of no time difference is
very hard to achieve, thus it is better to calculate the offset from three measurements. But
the configuration requires a generator with at least three outputs. The offset calculation

describes the following equations and plots.

Relations among calibration signals

o //_\—
tA \b\\fl \ // \
/.

\
w\

tB

Figure 7.6: Calibration signals

The relations among the signals (generated by the generetor) are seen in Fig. 7.6. The
shift between signal #g and 4 is a, the shift between ¢y and ¢ is b and the shift between
ta and tg is ¢. The measured values are {1, {5 and ¢3. They consist of time a, b or ¢ and
offset (01).

t1=a+ 01 (71)
to =b+ 01 (7.2)
t3 =c+ o1 (73)

We obtain the shifts (a, b, ¢) from formulas.

a = tl — 01 (74)

b = t2 — 01 (75)
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C=t3—01=t2—01—(t1—01)=t2—t1 (76)

We can calculate the offset from the following formulas.

t3 — 01 — tg — t1 (77)
o1 =13 —t2+ 1t (7.8)
9 Sync

9 Sync

Chn

Chn

Figure 7.7: Calibration setup

The calculated value o1 determines offset for the first channel. The other channels are
calibrated in the same way with the same formulas. The calibration setup in steps is in
Fig. 7.7. The label Ch; means the chosen channel of the TDC and a calibration is done
for the chosen channel in three steps.

The digital delay pulse generator is used for the calibration. The model is SRS DG535.

The main parameters are shown in Tab. 7.4.
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Table 7.4: Parameters of DG535

Parameter Value
Number of channels Trigger + 4
Amplitude level Up to 4V
Delay resolution 5ps
Channel-to-channel jitter 50ps
Maximal internal trigger rate 1MHz
Accuracy 500ps (typ) + lppm (TCXO) x Time between outputs

Because of the jitter level, the three signal approach for the calibration (described
previously) is used instead of two signals. Each time value is taken for approximately 200
000 samples. The histograms are plotted for each of them and statistical parameters are
computed with probability density function fitting. The following results are related to
channel 2 of the TDC. The histogram of the measured time interval ¢; is plotted in Fig.

7.8. You can see the mean value and the sigma of the measured data in Fig. 7.8.

Calibration - Channel 2 (tl)

14000 T T T 0.01
—Raw
’ —Fitted
12000 ,’,,,—'5' \ 4
/ A Mean: -2927.4332ps
AN Sigma: 42.5343ps
/ \\ Mode: -2925ps
10000 (- Median: -2925ps |
8000 / il
; / -10.005
6000 - / |
/ \\\\
4000 F , i
/
2000 - / 2
0= ! ! ! i S
-2950 -2900 -2850 -2800

t[ps]

Figure 7.8: Time interval t;

The measurement of time interval 9 is shown in Fig. 7.9. The statistical data (mean

value, sigma, mode, median) is also seen in the histogram.
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Calibration - Channel 2 (t2)

12000 T T 0.01
10000 - T
Mean: -3972.4089ps
Sigma: 50.3875ps
Mode: -3978ps
Median: -3978ps
8000 - T
& 6000 -0.005
4000 - :
2000 - T
ok — I I I I 0
-4000 -3950 -3900 -3850 -3800

t[ps]

Figure 7.9: Time interval ¢,

The last measured interval t3 according to the formulas is plotted in Fig. 7.10.

Calibration - Channel 2 (t3)

16000 T T T T 0.015
W
— Fitted
14000 - Mean: -3019.8071ps T
Sigma: 34.6884ps
Mode: -3042ps
12000 - Median: -3029ps
-10.01
10000 [ -
;‘ 8000 - -
6000 - y -
/ -10.005
4000 - : :
2000 - -
0=1_ ! ! ! ! ! ! ! ! —
-3100 -3080 -3060 -3040 -3020 -3000 -2980 -2960 -2940 -2920
t[ps]

Figure 7.10: Time interval 3

The calibrataion statistics of channel 2 are in Tab. 7.5 The table includes calculated

offset according to formula 7.8 for mean value, mode and median.
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Table 7.5: Calibration of channel 2

Value | tifps] | tafps] | tslps] [ Offset (02) [ps] |
Mean | -2927.4332 | -3972.4089 | -3019.8071 -1974.8314
Mode -2925 -3978 -3042 -1989
Median -2925 -3978 -3029 -1976

The same calibration technique is applied for the rest of the channels. The results are

shown in Tab. 7.6. Only mean values are mentioned in the table.

Table 7.6: Calibration of TDC

Channel (Mean) ‘ t1]ps] ‘ to|ps] t3|ps| ‘ Offset [ps] ‘
Channel 1 -2934.6101 | -3983.5136 | -3030.3611 | -1981.4576
Channel 2 -2927.4332 | -3972.4089 | -3019.8071 | -1974.8314
Channel 3 -2811.1843 | -3859.3037 | -2907.2662 | -1859.1468
Channel 4 -2743.9406 | -3792.7918 | -2838.5295 | -1789.6783

Tab. 7.6 shows calibration data which has to be applied on the measured data in order
to compensate for the error caused by the return channel. The calibration can be done
offline or online. The offline calibration is performed on stored data. The online calibration
is done using a control application (User version - mentioned in Subsection 5.4.2) in the
tab named calibration. Then the stored data is already compensated for the offset and the
current showed data are compensated in the software too.

A calibration is necessary for each TDC device. It is done for each device and the
calibration data is compared. The next figure shows the histogram of time interval #;

measured by channel 2 of another TDC.

Calibration - Channel 2 (tl)
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e NN —Raw
yd \ —Fitted
e ’ ) \\\
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/ Mean: -2758.9571ps
Sigma: 41.8705ps
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; 6000 - -0.005
A\\\
4000 - , NN N
/ \\
/ O\
y O\
2000 - / |
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/ N
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0 -~ ! ! I L ——= |y
-2850 -2800 -2750 -2700 -2650
t[ps]

Figure 7.11: Time interval #;

The time interval ¢ during the calibration of another TDC is in Fig. 7.12. The figure
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contains the statistical data as well. The histogram of time interval t3 is in Fig. 7.13.

Calibration - Channel 2 (t2)
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Figure 7.12: Time interval ¢
Calibration - Channel 2 (t3)
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Figure 7.13: Time interval 3

The processed data is shown in Tab. 7.7. There is calibration data for each channel of
second TDC. From the comparison among channels and TDCs, you can see the differences
which are caused by input drivers of the TDC device. The rest of the hardware (PCB,
connectors, etc.) is the same. The only difference is the aforementioned input LVDS drivers
which are common for two channels, also seen from the results. The difference between

the calibration offset of channel 1 and channel 2 or channel 3 and channel 4 is less than
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the difference between channel 1 and channels 3, 4 or channel 2 and channels 3, 4.

Table 7.7: Calibration of second TDC

Channel (Mean) ‘ t1]ps] ‘ to[ps] ‘ t3|ps| ‘ Offset [ps] ‘
Channel 1 -2793.5062 | -3840.5572 | -2886.8227 | -1839.7717
Channel 2 -2758.9571 | -3804.9303 | -2851.8112 | -1805.8380
Channel 3 -2815.4269 | -3863.1199 | -2911.2033 | -1863.5103
Channel 4 -2753.8571 | -3801.2014 | -2847.8682 | -1800.5239

The differences in offsets of TDCs include propagation delays of LVDS drivers and an
input clock buffer (return channel chip), which can vary. According to the calibration
measurement of one TDC the variation can be up to 200ps. As already mentioned, the
LVDS driver contains two channels. The channel-to-channel skew is 50ps in its typical
value, it corresponds to the offset values. The switching parameters for the LVDS driver

are in Tab. 7.8 for comparison with the calibration results.

Table 7.8: Switching parameters of LVDS driver

’ Parameter Typical (Mazimal) value [ns] ‘
Propagation delay 1.3 (2)
Channel-to-channel skew 0.05 (0.5)

- (1)

Part-to-part skew

7.2.2 Linearity

The integral non-linearity (INL) of the TDC was measured. The generator DG535 from
the SRS company is used for the INL measurement. The generator can delay the outputs
with multiples of 5ps, as mentioned in Tab. 7.4. The output is delayed step by step by
5ps (Ty - start, Ta - stop) and the delay is measured with a TDC. The same measurement

was made repeatedly. The measurement setup is in Fig. 7.14.

>

GENERATOR
DG535

>
TDC < PC

>

Figure 7.14: INL measurement setup

The results are plotted in Fig. 7.15 for channel 1 of the TDC. The measured data is
in Tab. 7.9. There are four rows (3 measurements + average). Mean values from raw
measured data are calculated. The data is focused on a relative shift between the start
signal and shifted signal. The shift does not begin from zero because the first measurement

starts at bps (error of the generator between channels).
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INL Measurement for 5ps shifts
T T
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Figure 7.15: INL measurement for 5ps shifts
Table 7.9: INL measurement for 5ps shifts
’ Measurement ‘ 1 2 3 ‘ 4 ‘ 5 6
1 [ps] 4.7013 | 9.9436 | 16.2375 | 21.3511 | 27.0563 | 34.322
2 [ps] 3.2906 | 11.2529 | 15.2366 | 23.1081 | 28.9034 | 33.953
3 [ps] 6.5521 | 11.6559 | 16.4077 | 23.0102 | 28.5542 | 34.4151
Average [ps|] | 4.848 | 10.9508 | 15.9606 | 22.4898 | 28.1713 | 34.23003

From the data, the shifting of mean value is seen according to the generator settings.

Moreover the first measurement is shown in histograms in Fig. 7.16.

Histograms with shifts
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Figure 7.16: INL measurements - Histograms
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You can see the shift of each histogram according to the 5ps shift showed in the legend.
The figure also contains the sigma value of each measurement.

In addition, the measurement was made for delays of LSB multiples of the TDC reso-
lution. It means delays of 65ps, 130ps, etc. In this measurement, the mean value, mode

value and median value is shown in Tab. 7.10 and the data is plotted in Fig. 7.17.

Table 7.10: INL measurement for 65ps shifts

| Shift [ps] | 0 65 130 195 260
Mean -2934.6 | -2867.21 | -2779.73 | -2708.25 | -2632.5
Mode -2964 -2873 -2808 -2730 -2652
Median -2938 -2873 -2782 -2717 -2639
INL Measurement for 65ps shifts

-2600 ‘

2650 - ,

2700} :
g-2750 = .
g
f_U B _
2 -2800 ~ .
5 _
ﬁ-zsso— ///// 7
> -

-2900 - .

-2950 - —Mean [

—Median
Mode
-3000 : : :
0 65 130 195 260
Time shift [ps]

Figure 7.17: INL measurement for 65ps shifts

The values correspond to the delayed output of the generator. If the parameters of
the generator are taken into account (jitter, etc.), the measured delay is at an error of a
maximal value of one LSB. The measured trend of the curve is linear but the increment
does not exactly correspond to the 5ps increment of the generator. It is a question if
the real increment of the generator is 5ps or less. If it is, the real TDC resolution would

probably be less.

7.2.3 Examples of measurement

The characterization of the TDC described above is an important thing which is necessary
to know before the start of the measurement. The TDC can be used in several standalone
applications. One of them was already mentioned in the measurement with TDC based
on USB2.0 communication, a pulse width measurement. Another one is the propagation

delay measurement of a transmission line, which uses the return channel.
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Pulse width measurement

The pulse width measurement is based on the measurement between the rising edge and the
falling edge of the signal or vice versa. In order to measure that, the signal has to be split
into two signals. There are two approaches, an external splitter, such as the configuration
in Fig. 7.1 or by using the return channel of the TDC. The first approach requires to using
cables with the same length or cables of a known length (propagation delay). The second
one requires the use of a cable with the known propagation delay due to the post-correction
of the measured pulse width. The histogram of the pulse width generated from the DG535

generator with a generated 10ns wide pulse is in Fig. 7.18.

Pulse width measurement
T

10000 0.012
—Raw
— Fitted
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Figure 7.18: Histogram of the measured 10ns wide pulse

Propagation delay of a transmission line measurement

>

GENERATOR : «

—P
DG535 TDC — PC

Cable

(Transmiss ion line)

Figure 7.19: Setup for propagation delay measurement

The next advantage resulting from the return channel is the capability for the measurement

of the propagation delay of a transmission line inserted between the return channel and
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the input channel. The signal from the generator is fed only through the sync input of
the TDC. The feature can be useful for a length characterization of unknown cables. The
setup is in Fig. 7.19. The following figures show histograms for three cables of different
lengths (approximately 0.5, 1.5m and 30m). The measured delay of the 30m long cable
(Fig. 7.22) is 120ns which results in a velocity of propagation of 83% of the speed of light.
According to the datasheet, the velocity of propagation is 84%.

«10% Propagation delay - approx. 0.5m long cable
3 ! ‘ ; ‘ ‘ 0.015
—Raw
—Fitted
Mean: 3203.024ps
Sigma: 31.5366ps
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N\
\_‘
0 | | | | | | |
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Figure 7.20: Propagation delay - approx. 0.5m long cable
«10% Propagation delay - approx. 1.5m long cable
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Figure 7.21: Propagation delay - approx. 1.5m long cable
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a5 «10% Propagation delay - approx. 30m long cable
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Figure 7.22: Propagation delay - approx. 30m long cable

0.015

0.005

You can see the drop in the histograms. The drop was probably caused by a mea-

surement configuration which is the measurement between the rising edge and the rising

edge of the same signal (only delayed). Other configurations did not cause a drop in the

histogram.
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Chapter 8
Clock distribution system

The clock distribution system is designed according to the principles mentioned in Chapter
4. The idea of the synchronization in the system is based on measuring the propagation
delays of each transmission line (cables, interconnection in nodes, etc.) from the central
unit to the nodes. The clock signal is distributed to all nodes; the clock signal is also used for
the propagation delay measurement. In other words, the delay is measured at each period
of the clock signal (more details in the following section). The next sections describe the

designed system and its experimental setup with the corresponding measurements.

8.1 Description of the system

As mentioned, the system measures the propagation delay of each transmission line to all
nodes. A system with 2 nodes is shown in Fig. 8.1. Each node includes its own time

measurement unit (TDC) as a timestamping device.

— e — — — — — — — — —_————_—r——_— — — — —

Propagation delay ] r Transmission line 1 Timestamp measurement
measurement

—rapsmissiontine2 - ]y |l g 4

Figure 8.1: Block diagram of the setup with 2 nodes
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The propagation delay measurement uses the clock generator in the central unit, which
feeds all nodes of the system including the main time measurement unit (in the central
unit). The measured propagation delay is used for offline corrections of the timestamps
obtained from the nodes. The block diagram consists of parts according to their function.
The main time measurement unit (TDCcgnTrAL) ensures the propagation delay measure-
ment. The interconnection between the central unit and nodes is established from cables,
the forward and the backward path to the same node uses identical cables (transmission
line 1 or transmission line 2). The local timestamp measurement is made by TDC; or
TDCy. For test purposes, the timestamp generation was provided with a function gen-
erator and a splitter. The event occurs (Timestamp generation in Fig. 8.1) at the same
moment in the TDCs due to the use of the same interconnection between the splitter and
TDCs. All TDCs in the setup are connected to the measuring computer via USB. The
computer controls all settings of TDCs and it logs the measured data. In principle, addi-
tional nodes can be added by adding a transmission line and a corresponding TDC. The
general block diagram is in Fig. 8.2. One main time measurement unit can operate up to
4 nodes, but the next 4 nodes can be operated by adding one more TDC as a propagation
delay measuring device (grey TDC block in Fig. 8.2). The timestamps are generated as
events which are produced by detectors (or other devices that are needed to synchronize),

the timestamp measurement is highlighted with a gray dashed line in Fig. 8.2.

rFr—— — — — — —
! :
| oopsgatondels | i
p»| Transmission
| | 1 line 1 DG, |
——— —_— o
| | —_ ﬁ_ p—
| CLOCK —’ SPLITTER _>TDCC <+
GENERATOR — ENTRAL | DETECTORS
| < R hed
| t | |
| Transmission
|_ T™ _: P line 2 $ DG, |
———————— o | |
I I
TDCcentraL2 L L'Deotamp meaurement 2| |
e L K
| pc [®

Figure 8.2: General block diagram of the system with synchronization

The period of the clock generator for propagation delay measurement has to be chosen
according to the longest transmission line. The period has to be longer than the propaga-
tion delay. Otherwise the measured time interval will have a phase difference during one

period of the generated signal.
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8.2 Correction algorithm

Suppose a system with an asynchronous 200MHz clock in each node, i.e. the system
described in the previous chapter which does not have a common clock signal. The central
unit and each node in the system have their own clock generator with the same nominal
frequency. The oscillator is used as a clock generator. The parameters of the oscillator are
in Tab. 8.1.

Table 8.1: Parameters of the oscillator

Parameter \ Value
Nominal frequency (f) 200MHz
Jitter <0.9ps
Frequency stability (fs) +50ppm
Aging (15years) +7ppm
Frequency change due to AVee | £3ppm/V

Because of the standalone oscillators, the devices are asynchronous to each other and
the frequency used for time measurement can be slightly different. Basically, the time
measurement is based on a counting of the periods of the clock signal. The error between
timestamps from two TDC devices linearly increases according to the frequency difference.
In general, the bigger the difference, the bigger the error. The maximal error can be
computed for a period of 1s. The error in the frequency (Af) is computed from the

parameters of the oscillator.

f
A = :l:i * Is .1
f=igol (5.1)
Now, the values are put into the formula.
Af = £ 200-10° o (8.2)
B 106 ‘
ANf==+10kH~z (8.3)

The maximal frequency (f1) and the minimal frequency (f2) is obtained.

fi=f+40f (8.4)
f1=200.01-10°Hz~ (8.5)
fa=f—-AOf (8.6)
fo=199.99-10°H 2 (8.7)

The count of clock signal periods of the first TDC is
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Ny = — 8.8
=7 (88)
where T is
1
T = 7 (8.9)

and fi is the frequency of the oscillator and z is the multiplication factor for TDC

resolution.
Ny = S (8.10)
x

The same approach is applied for the second TDC.

Ny = 12 (8.11)
x
For the TDC with a 13ps resolution, the z factor is computed as follows.

r=f-Trsp (8.12)
z=200-10%.13-10712 =2.6-1073 (8.13)

The error is calculated with the following formula.
At =t —to (8.14)

_ _ _ fi fe
At =Trsp- N1 —Tpsp-Na =Trsp - (N1 — No) =Trsp - Pl (8.15)
T

At =Trsp - (fl - f2> =I5B (11— fo) (8.16)

T T T

TrLsp 1
ANt = ——— . — =—- — 8.17
7 Trsn (fi = f2) 7 (f1 = f2) (8.17)

At = ————.(200.01-10°—-199.99-10%) =1-107%s =1 1

t= 550100 (200.01 - 10° — 199.99 - 10°) 0~%s = 100us (8.18)

The maximal error in the time measurement between 2 TDCs is 100us during a 1s
measurement. The maximal error for the whole measurement range of the TDC used is

calculated with the following equation.

Atpae = At -2V 71 Ty gp (8.19)

Atpaz = 1-1074- 290711310712 = 7.14682558 - 10~ s (8.20)
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The maximal error during the whole measurement can be up to approximately 714ys.
The increasing error at its maximum is drawn in Fig. 8.3 in the whole range of the
measurement.

Error over time
800 T T

700 - .,

600 [~ ]

At [us]
N
S
S
T
|

300 g

200 - ]

100 - ]

time [s]

Figure 8.3: Increasing error over time

The error has a linear trend. If the trend is known, it is possible to correct the times-
tamps in one TDC device in relation with another TDC device. The trend is determined
by the ratio of the frequencies of the oscillator in the first TDC and the second TDC. Ratio

k is calculated according to the following formula for oscillator frequencies f1 and fo.

_f—h
fa

The problem is how to determine the unknown frequencies. The ratio can be expressed

k

(8.21)

with counts of LSB (N and Ng). Suppose the difference between the timestamps from
the TDCs is zero (formula 8.22).

At =t —ty =0 (8.22)
t1=N1-TLsp (8.23)
Nl-é—NQ-ézo (8.24)
]}711 _ *7}722 (8.25)

The f1 is also determined by ratio k£ (formula 8.21).

fi=rf—k-f (8.26)
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Formula 8.26 is put into formula 8.25.

N N
_— == 8.27
fo=k-fa f2 (8.27)
Ny =Ny-(1—k) (8.28)
Ny — Ny
_ 2
k N, (8.29)
Formula 8.23 is put into formula 8.29.
to — 1
=21 (8.30)
l2

Ratio £ ratio can be determined by timestamps #; and ¢3. In that case, a setup with
zero difference has to be established. It is possible with the same cables used in the
interconnection of the system. The setup is used for a calibration which is necessary for
synchronization. The & ratio is calculated according to formula 8.30. After the calculation
of the k ratio, the timestamps can be corrected. The following formula is applied for the

correction.

=t — k-t (8.31)

The next figure shows a block diagram of the calibration setup. The nodes are connected
via the same cables as mentioned before. The start and stop signals are generated using

two independent function generators.

agation

elay Timestamps

Figure 8.4: Calibration setup

A photo of the calibration setup is in Fig. 8.5. The main part are highlighted in the
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photo as TDCs, generators and splitter.

Figure 8.5: Photo of the calibration setup

The calibration measurements were made for three different settings (different frequen-
cies of the timestamp generator - stop signal for TDC), specifically for 20Hz, 25Hz and
30Hz. The results are plotted as a density function (histogram) in the following figures.

k ratio (fl‘fZ)
800 T

700 - Mean: -5.1479e-06 —|
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600 [ b
500 - b
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K[ x108

Figure 8.6: £ ratio - timestamp generation at 201z

The mean values are also in Tab. 8.2. The error is seen from the results. The difference
in timestamps from two TDC devices can be up to approximately 5us in 1s of measurement.

It means, the error of the LSB of TDC is approximately 67as.

Table 8.2: £ ratio

Frequency of timestamp generation ‘ 20Hz ‘ 25Hz ‘ 30Hz ‘
k (mean) -5.1479.10% | -5.1174.10° | -5.127.10°°
k (median) -5.1685.10° | -5.1398.10° | -5.1489.10°
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kratio (fl'fz)
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Figure 8.7: k ratio - timestamp generation at 25z
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Figure 8.8: k ratio - timestamp generation at 30Hz

The calculated value of ratio % is relevant only for the measured TDC. In the setup
with more TDC devices, all TDCs have to be calibrated and one TDC has to be common
for all measurements. The oscillator in the common TDC is a reference for the other TDCs

and all timestamps are corrected with this reference.
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8.3 Measurements

8.3.1 Setup with the same transmission lines to nodes

This setup is similar to the calibration setup which is shown in Fig. 8.4. The difference
in timestamps from both nodes should be zero in this setup. As the first result from the
measurement, the difference was computed from raw data, i.e. without the correction
algorithm described in the previous part, however the propagation delay correction is

included. Fig. 8.9 shows the histogram of raw data, Fig. 8.10 shows raw data over time.

Difference nodes

M \ i
= LM A A
d

Figure 8.9: Histogram of difference in timestamps without correction
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Figure 8.10: Difference in timestamps over time without correction
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The need for the correction algorithm is seen from Fig. 8.10. The trend corresponds
to Fig. 8.3 (Error in time). As mentioned, the propagation delay correction is included
in the results. The propagation delays of transmission lines are plotted in the following
histograms (Fig. 8.11 and Fig. 8.12) for cable A (to TDCy) and cable B (to TDCs). The
difference is less than 30ps according to the measurement of cables used. The sigma of the

measurement is approximately 15ps.
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Figure 8.11: Histogram - propagation delay of cable A
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Figure 8.12: Histogram - propagation delay of cable B

The timestamps were generated by the function generator with various frequencies.
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Three sets of data were taken for generating frequency of 20Hz, 25Hz and 30Hz. Fig. 8.9
and Fig. 8.10 show the data for a frequency of 20Hz. The following figures show the results

for the other two frequencies of the generating timestamps.
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Figure 8.13: Histogram of difference in timestamps without correction (25Hz)
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Figure 8.14: Histogram of difference in timestamps without correction (30Hz)

The difference among the histograms for all frequencies of generating timestamps is
negligible. The correction algorithm described in the previous part is applied to the results
according to the computed & ratio. The histogram of difference in timestamps for the first
set of timestamps (20Hz) is plotted in Fig. 8.15. Fig. 8.16 shows the trend of the change
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of the difference over time. The measurement after the power up is seen in Fig. 8.16, the

measurement is stabilized after a while (a few minutes), when the device and housing are

heated themselves.
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Figure 8.15: Histogram of difference in timestamps with correction
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Figure 8.16: Difference in timestamps over time with correction

The other figures show the same results for the other frequencies. The mean value of
the time difference are in Tab. 8.3. All values are in the span of one LSB of the TDC

device.
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Table 8.3: Time differences after correction

’ Frequency thunestanu7generathnz\ 20Hz \ 25Hz \ 30Hz ‘

|

Mean value [ps]| | -8.7553 | -1.6801 | -0.0668 |
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Figure 8.17: Histogram of difference in timestamps with correction (25Hz)
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Figure 8.18: Histogram of difference in timestamps with correction (30Hz)
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Figure 8.19: Difference in timestamps over time with correction (25Hz)

200

Time difference between nodes
T T T T

At [ps]

-50

-100

-150 -

| | | | | | |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time [Samples]

-200 1 1 1

Figure 8.20: Difference in timestamps over time with correction (30Hz)

8.3.2 Setup with the different transmission lines to nodes

The second setup is focused on using different transmission lines, which demonstrate the
measurement in a real application. The setup consists of two transmission lines, a short one
and a long one. The long transmission line is approximately 30m long and it is established
from a Belden 9913 cable, which is chosen for its high velocity of propagation (84%). Its
main parameters are in Tab. 8.4 according to the datasheet [1]. The block diagram with

cable types is in Fig. 8.21.
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Table 8.4: Parameters of the Belden 9913 cable

| Parameter | Value |
Nominal characteristic impedance 50Q
Nominal inductance 0.059 pH/ft
Nom. capacitance conductor to shield | 24.6 pF/ft
Nominal velocity of propagation (VP) 84%
Conductor size AWG 10

agation

elay Timestamps

Figure 8.21: Block diagram of the setup with different transmission lines

Similar to the previous setup, measurements are made for various frequencies of gener-
ating timestamps. In the setup, the digital delay generator (described in Chapter 7) is used
as the timestamp generator instead of the function generator used in the calibration setup
and the setup with the same transmission lines. It allows to shift (delay) one output and
to have a non-zero difference between timestamps. The & ratio computed in Section 8.2 is
applied for the data taken from the TDC devices after the propagation delay correction.
The difference between timestamps for the first set of results is plotted in Fig. 8.22 as a

histogram. The trend of the calculated difference is in Fig. 8.23.
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Figure 8.22: Histogram of difference in timestamps
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Figure 8.23: Difference in timestamps over time
The shown results are for timestamps generated at the same moment. The next mea-

surement shifts one output about 200ps. The result is drawn in the following figures with

the same representation as the previous measurement.

82



CHAPTER 8. CLOCK DISTRIBUTION SYSTEM

Difference nodes - shifted
T

700 T T
S~

600 |- \ :

/ Mean: 199.5833ps

\ Sigma: 52.1176ps

/ \ Median: 199.9983ps
500 - \ .
/ \
/ \
/
/ \
400 - // .
T / \
300 - \ 4
\\
200 A/ N -
/// \
100 - \ |
// \
o—T - I I I I I T
50 100 150 200 250 300 350
t[ps]
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Figure 8.25: Difference in shifted timestamps over time

A shift of 200ps results in a 200ps difference between timestamps from two nodes which
is seen in the histogram (Fig. 8.24). The trend (difference in time) is plotted in Fig. 8.25.
The setup allows checking the linearity of the measurement, it is similar to the linearity
described in Subsection 7.2.2. The measurements were made for LSB multiples, which
means delaying timestamps of 65ps, 130ps, etc. in one TDC. Tab. 8.5 shows the mean

values of the measured shifts and the result is drawn in Fig. 8.26.
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Table 8.5: Linearity measurement for 65ps shift

| Shift [ps] | 0 65 130 195

Mean 0 64.2702 | 129.2619 | 206.9320
Median | -0.6883 | 63.6254 | 128.3080 | 207.1029
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Figure 8.26: Linearity measurement for 65ps shift

8.4 Measurements in real applications

A difference exists in the setup for measurements in real applications and the setup for
testing in Section 8.3. The nodes are at different places and it is not possible to use only
one measuring PC. Each TDC device at node requires a measuring PC or any other device
capable of communication based on USB3.0. The important measurement for synchroniza-
tion is the propagation delay measurement. The propagation delay can vary due to the
temperature, etc. Thus the temperature is also logged into the file during the measurement.
The measured propagation delay can be divided into several periods which correspond to
the measured temperature, quantity or time period. Then the timestamps are corrected
to the relevant period of the measured propagation delay.

The data is sent via USB3.0 as raw data (channel, timestamp, temperature). Thus
the further processing of data can be done, i.e. dividing into periods (mentioned above),
averaging, etc. It makes it possible to join the processing with other scripts for other

devices which require synchronization or timestamps.
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Chapter 9

Other usage of time measurement

unit

The Time-to-Digital Converter described in Chapter 5 has already been used in several
projects. The first one is focused on the synchronization of particle detectors in different

places [29]. Another one deals with a particle telescope [28].

9.1 Timepix3 synchronization

The principle described in the previous chapters is used in a simplified form for the syn-
chronization of four pixel detectors in the ATLAS experiment at CERN. The Timepix3

was chosen as the pixel detector. A brief summary of the Timepix3 chip follows.

9.1.1 Timepix3 detector

The Timepix3 [31] detector is the last in the generation of the Medipix/Timepix series
of pixel detectors. It was developed within the Medipix3 Collaboration [26] at CERN.
The detector is assembled from two parts, one of them is the readout ASIC chip and the
second one is the active sensor layer. Both parts are connected together by bump bonding.
Various materials can make the active sensor layer, such as Si, CdTe, GaAs. The 130nm
CMOS technology is used for the ASIC chip. The chip implements 65 536 channels based
on 256x256 pixel matrix. The pixel pitch is 55um. The Timepix3 simultaneously allows
the Time-over-Threshold (ToT) measurement and the Time-of-Arrival (ToA) of a detected
particle measurement. The time resolution is improved to 1.5625ns. It is derived from
40MHz clock generator (coarse ToA measurement) and a 640MHz ring oscillator (fine ToA
measurement). Two approaches are implemented in the Timepix3 as readout process, the
frame-based mode and the data-driven mode. All pixels, except the pixels with zero value,
are read out in the frame-based mode. The maximal frame rate is approximately 1 300
frames per second. Only hit pixels are sent out in the data-driven mode. The advantage

of such an approach is only that hit pixels are dead for approximately 475ns.
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9.1.2 Katherine readout for Timepix3

The Katherine readout [30] is an Ethernet Embedded Readout Interface for the Timepix3.
The readout is supposed to control one Timepix3 detector, which is assembled on the
CERN chipboard for Timepix3 or a compatible chipboard with a Very High Density Cable
Interconnect (VHDCI) 68-pin connector. The Katherine readout is designed as an em-
bedded computer with the interface for Timepix3. The dimensions of the readout in the
housing are 100mm in length, 80mm in width and 28mm in height. The connectors are
placed on the front and rear panels. The maximal performance (it means hits per data
rate) of the device is given by the bandwidth of the used Gigabit Ethernet interface and it
corresponds to approximately 16Mhitps (Mpixps) in the data-driven readout mode. The
readout is optimized for remote controlling, which allows a long cable connection between
the readout and the detector.

Figure 9.1: Katherine readout for Timepix3

The Ethernet interface makes it possible to place the measuring computer up to 100m
away from the readout without additional electronics. This feature is valuable for a mea-
surement in radiation fields where the readout device electronics might suffer radiation
damage. The chipboard can be connected directly to the device and in addition there
is a possibility of using extending VHDCI cables for distances up to 10m or special ca-
ble extenders (designed specially for a Katherine readout) for distances at a range from
10-120m, but the use of longer cabling reduces the maximal hit rate due to the decreasing
communication speed between the detector and the readout. Tab. 9.1 shows the maximal
hit rate in dependency on the cable length.

The readout contains a high voltage power supply for the sensor bias in both polarities
up to 300V. The bias voltage is provided with the LEMO connector on the front panel
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of the readout. Katherine offers a General Purpose Input/Output (GPIO) connector with
four general-purpose signals. The signals are dedicated to the integration of the Katherine

readout into measurement setups, where the triggering or synchronization of clocks is

necessary.
Table 9.1: Hit rate vs. cable length
Distance [m] | Cable | Data rate [MBps] | Hit rate [Mhitps] |
3 VHDCI Extending cable 2x640 16
10 VHDCI Extending cable 4x160 10
20 Ethernet CAT7 2x640 16
100 Ethernet CAT7 4x80 5

9.1.3 Synchronization

As previously mentioned, four Timepix3 detectors are in ATLAS experiment at CERN.
The detectors are in a configuration of two sandwiches. One sandwich is situated on the
central barrel in ATLAS’s cavern and another one is placed on the wall in the cavern.
The length of the interconnection cables between detectors and the rack room, where the
readout electronics are installed, is approximately 50m for the sandwich on the central
barrel and 80m for the sandwich on the wall. The detectors in the sandwich on the central
barrel are 4.6m away from the interaction point in ATLAS’s cavern. The ATLAS detector
system placed in the cavern is shown in Fig. 9.2 [17]. The interaction point is in the middle

of the detector system.

Installed detectors on the wall w Installed detectors on the cental barrel
m

25m

| Tile calorimeters
- : LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

e F*\ \
|

Toroid magnets
Solenoid magnet | Transition radication fracker

Muon chambers
Semiconductor tracker

Figure 9.2: Image of the ATLAS detector |17]
The detectors are connected together through the Katherine readouts. Each readout
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provides the information of the beginning of the measurement in the detector itself. The
start of the measurement from each detector propagates into the TDC, which is used
as a synchronization device. The TDC measures time differences (time shifts) at the
beginning of the measurement in the detectors. Then the time differences are used for offline
correction of timestamps from each Timepix3 detector. The described time measurement
is only half of the synchronization. It covers time shifts (delays, phase differences, etc.)
among Timepix3 detectors. The other half is time differences in interconnections between
the detector and the readout. Each detector has its own cable interconnection with the
readout. The interconnections have various lengths, which causes different propagation
delays. These delays are also necessary to include in the offline correction of timestamps.
Thus the chipboard and the readout have a special feedback path which is intended for
the propagation delay measurement of the path between the detector and the readout. It
is based on the principle mentioned in previous chapters. The feedback path is connected
to the TDC device which determines the propagation delay of each path. In principle,
the propagation delay measurement of the path can be made continuously, but it is not
necessary because the conditions (such as temperature) can be considered as stable. Thus
the measurement is made only at the beginning, it means after the installation of setup.
However, it is possible to make it upon the request of a user. The propagation delays and
the time differences at the beginning of the measurements are combined together into one

value for each detector and the value is used for the offline correction of the timestamps.

9.1.4 Experimental results

The first important measurement for the synchronization is the propagation delay mea-
surement. The measurement was made after the installation of the detectors and the
readout electronics. The setup can be seen in the following figure (Fig. 9.3). Only 2 units
are shown in Fig. 9.3, in reality there are four units. The measuring line is connected to
the TDC through the RJ45 extender for the Katherine readout which is designed for long

distance connection using ethernet cables.

; TMPX3
4P| KATHERINE | RI45 Chipboard

READOUT | Extender 1 with RJ45

IN Oour

|
| KATHERINE RI45 :t c,IiM;::rd
READOUT Extender [
. oo | with RJ45

|
¢ TDC | < T
@ TDC 9 Interconnect]
board

Figure 9.3: Setup for propagation delay measurement with feedback path
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The measured data is processed by Matlab script and you can see results for the path
between the readout and the detector on the central barrel in Fig. 9.4 and for the path

between the readout and the detector on the wall in the cavern in Fig. 9.5.
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Figure 9.4: Propagation delay of cable to the detector on the central barrel
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Figure 9.5: Propagation delay of cable to the detector on the wall

The mean value of a propagation delay of 215839.276ps (Fig. 9.4) corresponds to
a cable length of approximately 50m. The velocity of propagation is between 77% and
78%. The mean value of a propagation delay of 339238.0302ps (Fig 9.5) corresponds to a

cable length of approximately 80m. The velocity of propagation is the same as previously
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mentioned. The propagation delays are used with the time differences of beginnings of the
measurement for the offline correction as mentioned in the synchronization description.
The time coincidence in the detectors in the sandwich on the central barrel is zoomed on
one cluster in Fig. 9.6. One bin corresponds to an LSB resolution of 1.56ns. There is no

difference in timestamps with a resolution of 1.56 and the offline synchronization.
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7|| Detector 1
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Figure 9.6: Time coincidence of the detectors on the central barrel

The following figure (Fig. 9.7) shows time coincidence between the detector on the
central barrel and the detector on the wall in the cavern. There is a 62.5ns difference after
the correction. The measured difference corresponds to the distance between the sandwich

on the central barrel and on the wall in the cavern.
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Figure 9.7: Time coincidences of the detectors on the central barrel and on the wall

From the measurements during the beam splashes, the error is observed between -LSB
and +LSB of time resolution of the Timepix3 detector, which is 1.56ns. Without synchro-
nization, particles caused by the same event can not be distinguished. The timestamps in

the detectors will not correspond to the time-of-flight of the particles.

9.2 Particle telescope with Timepix3

9.2.1 Introduction in particle telescope

Timepix detectors [32] have already been used in different applications [27] including par-
ticle tracking. The latest generation of the Timepix detectors allows a simultaneous mea-

surement of time and the energy in each of the 65 536 pixels, the time resolution is improved
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to 1.5625ns and a data-driven readout scheme is implemented. With the assumption of
a separation of the detectors (tens of cm), the time-of-flight measurement (velocity of
charged particles) can be made because of the time resolution (1.5625ns). The Timepix3
ASIC has increased complexity and improved time resolution, thus the clock synchroniza-
tion requires higher demands. The advanced techniques are necessary for synchronizing
several nodes in order to implement a distributed system. When more clock sources with
the same frequency are used in the system, they have to be considered as asynchronous.
Uncertainties in propagation delay are produced with clock domain crossings because of
resynchronization. These uncertainties and propagation delays of signals through cables
or on printed circuit boards have to be taken into account regarding the time resolution of
the Timepix3. The following subchapters describe the features of the Timepix3 detector
and the Katherine readout in a configuration where synchronization is needed, and show
the results of a test beam measurement performed at Super-Proton-Synchrotron (SPS) at
CERN in a 40 GeV/c pion beam.

9.2.2 Hardware concept

The particle telescope is based on Katherine readouts for the Timepix3 detector. The
usage and the principle are described in details in [28]. The system has fewer demands
on the time resolution. Thus the synchronization of all nodes is not necessary with the
assumption of known delays of used cables and phase differences among signals. These
delays and phase differences can be measured in each node of the system. The principle

for three synchronized detectors is shown in Fig. 9.8 [28].

Timepix3 Timepix3
Chipboard Chipboard Busy
Trigger/Busy
Readout v Readout Timing Unit
Device Device (TDC)
Slave 1 Slave 2

S pr ) >< ) b
) PLL PLL g &
—T — 1

75.|8ns‘/ // \

Figure 9.8: Block diagram of offset compensation of detectors
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In Fig 9.8, you can see three Katherine readouts in the loop trigger chain. One of the
readouts is selected as the master device and the other two readouts are slave devices.
The start and the end of the measurement, which are determined by the shutter signal
(trigger signal), are propagated through the loop trigger chain. The trigger chain uses
the LVDS standard for signaling. The master device is able to recognize a busy or not
busy state from propagating the shutter signal through the loop trigger chain. Each device
provides the resynchronization of the shutter signal to the local clock domain. Due to the
resynchronization of shutter signals, the detectors are opened at different moments caused
by delays among detectors. In such mechanisms, the synchronization uncertainty is one
clock period. The setup uses only one source of the clock signal, which is generated by
the master device’s oscillator. Then the clock signal is distributed to the slave devices, in
which the clock signal is recovered by a Phase Locked Loop (PLL). PLLs are also sources
of phase shifts.

The propagation delays of shutters, which consist of phase differences of the clock signal
and detectors triggering, are measured by the time measurement unit (TDC). The TDC
is described in Chapter 5. Each readout produces a copy of the shutter signal and the
time differences among the signals are determined after the start of the measurement. The
TDC is capable of compensation up to 5 Katherine devices. In such a configuration, one
device acts as the master (feeds the sync input of TDC) and the other devices act as slaves
(feed the event inputs). It is possible to increase the number of synchronized devices by
using additional TDCs, one additional TDC adds 4 more event inputs for the Timepix3
readouts. The TDCs are connected together via the synchronization output channel (see

Section 5.4, return channel).

9.2.3 Experimental results

Figure 9.9: Photos of measurement setup
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From the point of view of the time measurement in the setup, a systematic inaccuracy of
the time-of-flight value below 1 ns was found. The inaccuracy is below the time resolution
of the Timepix3, but it can effect the results in short distances. During the measurement,
an effort was made to better understanding the inaccuracy. As such, 10 000 short mea-
surements were made and the time differences in released shutters were measured by the
time-to-digital converter. The results are presented in Fig. 9.10, Fig. 9.10 also shows the
standard deviation of approximately 115ps. The results prove to not be the origin of the

1ns inaccuracy because the standard deviation is lower than the time resolution of the

Timepix3.
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Figure 9.10: Time differences in released shutters

The TDC unit has proven itself during the measurement as a useful device in such an

application as the particle telescope with Timepix3 detectors.
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Chapter 10

Conclusions

The thesis deals with systems for the time measurement and the synchronization among
these systems with very high resolution in the order of picoseconds. The systems with
such time resolution are a current problem in particle physics experiments, as mentioned
in Motivation of the thesis.

The important thing in the system is the signal distribution which is described in
Chapter 4. Two approaches of signal distrubution are described (electrical and optical).
The designed systems in the thesis only use electrical transmission. The thesis deals with
time measurement and the time measurement is focused on the measurement in time
domain. The main part of the designed system is the time-to-digital converter, which
is introduced in Chapter 5. The basic description of how the TDC is designed and its
parameters are shown in this chapter. The control software as a desktop application
was programmed for TDC. The software makes it possible to set the TDC for chosen
measurements and to log data into the file for further processing. A short summary of
possible error in the measurement is in Chapter 6 including the calculations.

Chapter 7 is focused on measurements with the designed TDC. The chapter provides
basic functionality measurements, calibration and examples of TDC usage in measurements
as stand alone applications. Calibration is necessary for the equalization of the inputs, i.e.
the time offset for each channel is obtained. All relations between signals and corresponding
histograms have proved the calibration method. The next important parameter of the
measurement is its linearity. The linearity has been checked by the delay generator and
results showing the linearity have been plotted. Stand alone applications of TDCs have
been introduced and they are a part of the designed system with synchronization.

The following chapter described the whole system for time measurement and its syn-
chronization in the order of picoseconds. A block diagram of the system hase been shown
and explained. In the subchapter, the correction algorithm was introduced. It is necessary
because each device has its own clock source. The subchapter offered the correction algo-
rithm to remove the effects of different clock sources. A better solution is avoiding different
clock domains and trying to use only one clock source, but it may result in several compli-
cations. One of them is an extra path dedicated for the clock signal in the system. Then
the system was tested and results proving the successful synchronization were discussed.

The last chapter was dedicated to the usage of the designed devices. The experiments
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were introduced and they are explained from the point of view of time measurement in-
cluding results focused on time measurement.
Using the time domain for the time measurement brings several features. A short list

of features of the designed system in the time domain follows:

e Cheap in comparison with measurement in frequency domain (vector network ana-

lyzer is needed in frequency domain)

e Only electrical transmission lines (no additional expensive converters to optical trans-

mission)

e Limited distances (tested up to 100m with LVDS signaling, 40m with CMOS signal-
ing)

e No common clock source (suitable for existing systems with limited interconnections,

the correction algorithm is needed)

e TDC is used for the synchronization of all nodes and the same device is used for
timestamping in nodes (no need of vector network analyzer for node synchronization

nor any other device for timestamping)

To summarize all results, the system for time measurement in the time domain has been
designed. The system measures timestamps in several places at various distances. These
timestamps are synchronized to each other. All of these measurements have been made
in order of picoseconds and it is seen in several histograms showed in the corresponding
chapters. The work, which has been done, has successfully fulfilled the intentions and
goals following from the Introduction and Motivation. Furthermore, the designed TDC
and principles of synchronization have already been used in several experiments, such as
Timepix3 synchronization in ATLAS cavern at CERN. The usage confirms the relevance
of the topic of the thesis.
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