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Abstract

Since many decades physicists have been building particle accelerators and usually new
projects became more advanced, more complicated and larger than predecessors. The importance
and complexity of the phase reference distribution systems used in these accelerators have grown
significantly during recent years. Amongst the most advanced of currently developed accelerators
are projects based on the TESLA technology. These projects require synchronization of many RF
devices with accuracy reaching femtosecond levels over kilometre distances. Design of a phase
reference distribution system fulfilling such requirements is a challenging scientific task. There are
many interdisciplinary problems which must be solved during the system design. Many, usually
negligible issues, may became very important in such system. Furthermore, the design of a
distribution system on a scale required for the TESLA technology based projects is a new challenge
and there is almost no literature sufficiently covering this subject.

This thesis is devoted to the conceptual analysis, design and realization of a complete phase
reference distribution system for the FLASH accelerator. The most important design issues are
considered. Important distribution system architectures are described with their advantages and
disadvantages. Methods of characterization of signal phase instabilities in distribution system
components are presented. A general, system-level design method of the distribution system is
proposed. The designed FLASH distribution system is divided into three subsystems: the Master
Oscillator System, coaxial cable links and the fiber-optic link with active phase stabilization. The
design, realization and tests of these subsystems are described. Performance of designed distribution
system components is analysed and tested. Many practical information useful for the distribution
system design are included in this work. The result of this thesis is a working distribution system
prepared for installation in the FLASH facility.

This book contains a PhD thesis submitted at the Warsaw University of Technolgy in 2007. In
comparison to the original some minor mistakes were corrected in this version.
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Acronyms

ACC -
ADC -
BW -
Cw -
DAC -
DSB -
EMI -
FLASH -

FO -

ILC -
LLRF -
LPP -
MO -

Accelerating module of the TESLA system. It includes 8 superconducting cavities
Analog to Digital Converter

Bandwidth

Continuous Wave

Digital to Analog Converter

Double Side-Band phase noise

Electromagnetic Interference, page 57

Freie-Elektronen-LASer' in Hamburg, chapter 1.2, used interchangeably with
TTF and VUV-FEL

Fiber-Optic link, in this thesis used for describing the system with active signals
phase stabilisation, chapter 5.3

International Linear Collider

Low Level Radio Frequency, page 44

Low Power Part of the MO

Master Oscillator, chapter 4.1

MO System - Master Oscillator System. The reference oscillator with all devices generating

ODL -
OCXO -
PLL -
PN -
PRDS -
PSD -
RF -
RFS -

SMA -
SSB -
vCO -
VCXO -
TESLA -
TTF -

VUV-FEL

frequencies required for the PRDS, page 48

Optical Delay Line with a step motor, page 90

Oven Controlled Crystal Oscillator, page 62

Phase-Locked Loop, chapter 3.4.4

Phase Noise

Phase Reference Distribution System

Power Spectral Density, page 24

Radio Frequency

Radio Frequency station, here understood as one of target devices for the
PRDS

RF cable connector type

Single Side-Band phase noise, page 24

Voltage Controlled Oscillator, page 30

Voltage Controlled Crystal Oscillator

TeV Energy Superconducting Linear Accelerator

TESLA Test Facility, chapter 1.2, used interchangeably with FLASH and VUV-
FEL

- Vacuum Ultraviolet Free Electron Laser, chapter 1.2, used interchangeably with
TTF and FLASH

1 Free-Electron Laser in German



1. Introduction

1. Introduction

1.1. Motivation

The importance of phase reference distribution and synchronization systems for the
physical particle accelerators has grown significantly during recent years. Since many decades
physicists have been building particle accelerators and usually new projects became more
advanced, more complicated and larger than predecessors. Currently, one of the most
advanced accelerator technologies is the TESLA [101] technology. TESLA stands for TeV-
Energy Superconducting Linear Accelerator. This technology was developed in DESY? in
1990's. The basic element of the TESLA technology is a pure niobium, nine-cell resonator?
[102, ch. 2.1]. Resonators operate in temperature of 2 K in order to obtain the
superconductivity effect which makes possible obtaining values of the unloaded quality factor
Q as high as 10" at the resonance frequency of 1.3 GHz.

A high-gradient electromagnetic field is pumped by high power (10 MW peak pulse
power) klystrons to the superconducting cavities. Obtained field gradients inside of a cavity
exceed 30 MV/m. Such high-gradient fields are used to accelerate (increase energy) of
electrons injected from a device called RF-GUN (or electron gun) [103, ch. 3.1.1] into the
accelerating structure made of a chain of cavities. For proper acceleration, electron bunches
must enter the cavity in precisely defined time, when the electric field direction assures
increasing of the electron energy. Therefore the RF-GUN must be precisely synchronized with
the accelerating structure. A control system is applied on the electromagnetic field amplitude
and phase [102 ch. 3.3.7] in order to assure proper conditions for particle acceleration. Field
parameters are stabilized with specified accuracy relatively to the reference signal and
electron beam position. The phase stable 1.3 GHz reference signal is provided to the control
system by the reference distribution system.

A group of accelerating cavities powered by one klystron with a control system and all
necessary subsystems needed for proper particle acceleration is called an RF station. The
particle energy is increased in one RF station by specified amount. The total number of RF
stations installed in the accelerator depends on the accelerator type and the required energy of
particles at the end of the accelerating structure. For example, the future project, called
International Linear Collider (ILC) [42], formerly TESLA, may require installation of 1000
RF stations distributed along a straight tunnel with the length of 33 kilometres. All RF stations
must be precisely synchronized.

The reference signals are provided to RF stations by the Phase Reference Distribution
System (PRDS)*. Recent demands on the accuracy of synchronization and physical
dimensions of TESLA technology based projects placed the PRDS design amongst the most
difficult and challenging tasks to be performed during the accelerator development. As it will

2 Deutsches Elektronen-Synchrotron, Hamburg, Germany

3 The 9 cell resonator is frequently called “cavity' in literature. For convenience reasons.

4 The PRDS definition and the difference between the PRDS and synchronization system is explained in
chapter 2.1



1. Introduction

be presented in the next chapters of this thesis, the PRDS must deliver very stable signals
(about 10 different frequencies), with various power levels to many RF stations spread along
the accelerator. In general, the PRDS can be split into three main parts: a reference oscillator,
a frequency multiplication network and a long distance distribution system. Multiple design
issues of all subsystems and their influence on the overall synchronization precision must be
considered. Example list of important design issues is given below:

. short and long term stability of the signal generated by the reference oscillator,

. signal stability after frequency multiplication or division,

. phase noise issues,

. choice of the reference oscillator frequency and multiplication/division factor values,

. power amplifier influence on signal phase stability,

. temperature stability of the signal generation and amplification system,

. choice of the distribution media for long distance links (e.g. RF cable, optical fiber, ...),
. temperature sensitivity of the distribution media, long term phase drift regulation,

. available technology and system cost.

Optimal design of PRDS and its components with a prediction of system performance is
a challenging scientific task. Such task was given to the author of this thesis at the beginning
of his cooperation with DESY. Many questions appeared in the first stage of work, e.g.:

. How to solve problems listed above (and many others)?

. What are the interdependences between these problems?

. What is the influence of each problem on the final performance of the PRDS?

. How to specify parameters of PRDS components in order to achieve the performance
required for the entire system?

. Does one really need “worlds best” (and most expensive) devices?

. How to estimate system performance and be sure that time and money spent for

development will not be waisted?

Even a simple question “How to start?”” was very difficult to answer. The main problem
is that most of the issues and questions listed above belong to various fields of knowledge.
Many of these issues (e.g. phase noise) are very well known and were described in many
scientific publications. But, to the knowledge of the author of this thesis, there is no literature
comprehensively covering interdependences between these problems in the way that can be
useful for PRDS design purposes. Known publications on accelerator synchronization systems
built before the time of writing this thesis do not provide general methods for PRDS design
and performance analysis. This situation motivated the author of this thesis to take an attempt
of gathering necessary knowledge about issues crucial to the PRDS performance in one
“short” thesis. A method of PRDS design and analysis is proposed which can significantly
reduce time and cost of system development.

1.2. TESLA, TTE, FLASH — meaning and chronology of names

There are several names of the TESLA technology based projects used in this thesis.
The meaning and chronology of those names must be briefly explained in order to make it
easier for the reader to localize the purpose of described considerations.

As mentioned above, the TESLA technology was developed in DESY in the 1990-ties.
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This technology was intended for the design of large (33 km) linear accelerator of the same
name [101, ch.3]. First tests of the TESLA technology were performed while operating a 100
meter long TESLA Test Facility (TTF) [103], called later TTF1. The next step in the
development of the TESLA technology was a 300 meter long upgrade of the TTF1 started in
2002, given a name TTF2. The TTF2 was brought to operation and after a lasing action (in
ultraviolet wavelength range) was obtained, its name was changed to VUV-FEL (Vacuum
Ultraviolet Free Electron Laser). This project was appearing in official publications also under
the name of TTF-VUV-FEL. This name was used till the early 2006 when it was replaced
with FLASH, which is more attractive and easier to pronounce in different languages. FLASH
stands for Freie-Elektronen-LASer® in Hamburg. The names of TTF2, VUV-FEL and FLASH
will be used interchangeably in the remainder of this thesis.

Resulting from the experience gained during the TTF/FLASH construction, a
conceptual development of the XFEL (X-ray Free Electron Laser) [6] was performed and this
project was approved. It will be 3.3 km long and the construction is expected to start in 2007.

The basic application of the TESLA technology: construction of the 33 km long TESLA
linear accelerator was postponed by German Government because of very high costs. But in
the year 2004 the International Technology Recommendation Panel (ITRP) recommended that
the TESLA technology should be used for the design of the International Linear Collider
(ILC), which will be a project of similar size to TESLA accelerator. Currently there is no
fixed decision on the construction details but one can find proposals for 40 km long
accelerating structure. The ILC will be designed and constructed by an international
collaboration of high energy particle laboratories and institutes from Europe, the Americas,
and Asia. The construction should start after the year 2010. The name of TESLA is no longer
used for the accelerator but it still functions for describing the TESLA technology.

The work on the PRDS being subject of this thesis was started in 2003 during the
development of the TTF2/FLASH facility. The intention was to test the PRDS prototype in
the TTF2 facility and prepare it for the TESLA accelerator. Therefore the first publications by
the author of this thesis concern the PRDS for the TESLA accelerator. As the names and plans
were changed, the PRDS described in this thesis was ascribed to the FLASH facility. But
many considerations and experiments were performed allowing to gain experience for the
construction of the XFEL and/or ILC PRDS.

1.3. Research goals, main contributions of this work

The first goal of this thesis is the analysis of most important issues affecting the final
performance of the PRDS. The knowledge gathered for this analysis can be used for
considerations on the choice of optimum architecture of designed system.

Next goal is the development of a simple, practical method for designing such
complicated PRDS. The PRDS complexity is so great that development of a complete
mathematical system model is very difficult and for sure impractical. Therefore considerations
were limited to range allowing for achieving a PRDS that fulfils given requirements. It was
assumed that system-level not a circuit-level considerations are applicable. Otherwise the goal
of the work would be overwhelmed by too many details which would result in confusion
rather than in optimally designed project.

5 Free-Electron Laser in German



1. Introduction

The third, and most important goal was the design and realization of a working PRDS
for the FLASH facility with effective use of gathered knowledge. The system should be tested

and prepared for installation in the FLASH facility.

The last but not least goal was to gather the experience - both knowledge and practice -
useful for the design of PRDS for larger accelerators like the XFEL and ILC.

The goals listed above were achieved and this work can be a very important
contribution for designers of PRDS for future accelerator systems.

1.4. Thesis organization

The following chapters provide extensive information about the design issues, design
method, system analysis and practical realization of the FLASH PRDS. Possibilities of
extending the PRDS on longer distribution distances are described frequently.

In chapter 2 a definition of the PRDS is given and different PRDS architectures are
described. Brief descriptions of representative PRDS types found in literature are also given.

In chapter 3 the most important theoretical issues affecting the PRDS performance are
described. The definition, classification and methods of characterisation of phase instabilities
are addressed. The most important PRDS components and their influence on the signal phase
stability is characterised.

In chapter 4 the design requirements for the FLASH PRDS are given. Considerations on
the choice of a suitable PRDS architecture are performed. Finally, the architecture is
proposed.

Chapter 5 contains detailed description of the design of the FLASH PRDS. The system
was split into three subsystems: a Master Oscillator, a coaxial cable distribution system and a
fiber-optic link with active stabilisation of the distributed signal phase.

In chapter 6 performed experiments and measurement results are described. These
results confirm the validity of considerations performed in preceding chapters.

Finally in the chapter 7 summary of performed work is given and conclusions are
collected. Six appendices provide a brief description of technical details of designed
subsystems of the PRDS.

10
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2. Distribution system architectures

2.1. Distribution system definition

Generally, the main purpose of the PRDS is the synchronization of multiple radio
frequency devices belonging to one distributed system. Strictly, it can be understood as a
network of signal guides (e.g. cables) used to transport stable signal from a stable source
(Master Oscillator) to multiple RF stations (RFS). Nevertheless, as it was indicated in the first
chapter, for the purpose of this thesis, the phase distribution system is treated as a sum of the
MO and the distribution links. The PRDS can also be named a synchronization system but the
word 'synchronization' is of much wider meaning than the main scope of this thesis. Here the
PRDS must also clearly be distinguished from the timing system, usually used for
synchronization of digital devices and adapted to distribute signals defined by one of digital
logic standards. Timing system often provides time stamp codes used by the digital hardware
for identification of certain time moments. The PRDS is used to distribute analogue (sine-
wave) RF signals and it is often used in parallel with the timing system within one facility and
both systems are synchronized with a common MO. Example of a timing system built for the
FLASH facility is described in the DESY report [103, pp. 467-476].

Known literature provides numerous descriptions of PRDS. The PRDS architecture and
complexity depends naturally on the application, synchronization accuracy requirements and
actual state of the technology. Amongst the most important applications of the PRDS one can
enumerate the following:
 particle accelerators - physical experiments and heavy ion sources for medical facilities,

» telecommunication systems (e.g. base station local oscillator synchronization) ,
 radio-astronomy facilities, with many antennas distributed over broad area

o large radar systems

 navigation and positioning systems

Unambiguous PRDS type classification is very difficult because of a large number of
possible classification criteria. Nevertheless, the knowledge of possible PRDS architectures
and their advantages is essential in the first stage of system design. It may help the designer in
taking proper decisions and saving a lot of time and money that must be spent for the system
development. Therefore, in the remainder of this chapter a proposal of the PRDS
classification is given and representative examples of formerly designed systems are
described. A brief description of advantages and disadvantages of these systems is given.
Knowledge gathered in references describing these systems was very useful in the first stages
of the design of the PRDS being a subject of this thesis.

One can classify the PRDS according to the following criteria:

1. System topology:

» Star
+ Line with pick-up points

2. Distribution media type:

+ Coaxial cable or waveguide
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2. Distribution system architectures

« Optical fiber
+ Air (radio synchronization)
3. Distributed signal type:
+ Continuous sine wave
« Pulses used for local oscillator synchronization
4. Influence on the signal:
+ Passive
+ Stabilized: e.g. temperature stabilized cable link
« Active: with feedback circuits actively controlling signal phase
Proposed classification is of course not full and it can easily be extended with another.
criteria. Each of existing PRDS examples given in the next sub-chapters can be ascribed one
feature from each given category. Such set of features characterizes the architecture of a given
PRDS more precisely but it does not define system performance. Obtained synchronization
accuracy depends on multiple technical details as it is described in chapters 3, 4 and 5 of this
thesis.

2.2. Passive PRDS, optical fiber (LEP energy upgrade)

» Location

System was installed and tested in the upgraded LEP facility in CERN, Geneva in years
1993 — 1994. Finally, installed links were intended to operate with active phase compensation
circuits as described in [72], but there is an interesting reference [45] describing measurement
results from installed fiber-optic links before switching the feedback on.

LEP, circumference 27km

R P6

CERN Meyrin

Figure 2.1: LEP upgrade PRDS layout. Figure source: [45]
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» Features

Star type of architecture with 6 long fiber-optic links (see fig. 2.1). Passive system with no
phase regulation. Both, standard and temperature compensated optical fiber were installed in
parallel for comparison. The longest transmission distance equals 9.5 km. Optical fiber was
located 1 meter underground.
» Distributed frequencies

352 MHz
» Obtained signal stability

Measurement duration: 10 months (long term drifts). Link length: 9.5 km = 19 km round-
trip. No data for the short term stability.
90° pp, it corresponds to 710,2 ps® for the temperature compensated optical fiber.
2100° pp, it corresponds to 1.67 pus for normal optical fiber.
* Remarks

Given phase drift values are peak to peak during 10 months. Of course variations in shorter
periods of time are much smaller (no precise data) and such system performance could be
sufficient for certain applications. It also provides a good practical justification for active
phase stabilization in more demanding facilities.

2.3. Stabilized PRDS, coaxial line + passive optical fiber (CEBAF)

» Location

This distribution system was installed in the early 90-ties in the Continuous Electron
Beam Accelerator Facility (CEBAF) which is located in the Jefferson Lab scientific institute
in Newport News, USA. System is described in the reference [48].
» Features

Relatively simple system with temperature stabilization of the distribution line. The RF
MO provides three frequencies: 70 MHz, 499 MHz and 1497 MHz. Signals of first two
frequencies are amplified and distributed to the RF control system and klystron galleries
where the 499 MHz signal is frequency multiplied by 3 to 1427 MHz. Both 70 MHz and 1427
MHz signals are distributed along the accelerator via /2” and 1 5/8” coaxial cables. The 1 5/8”
cable is used to distribute 1427 MHz because of lower cable attenuation for this frequency.
There are two identical distribution lines installed for two linacs’ in the system. Each line is
228 meter long. Both distribution lines are fabricated in 10 meter segments with directional
couplers installed for both lines at the end of each segment.

Both 2" and 1 5/8” cables are wrapped around with heater tape and thermally insulated.
The temperature is regulated with accuracy of +£0.1°C. There is also pressure regulation at the
value of 4 psig® applied to the 1 5/8” cable with the use of dry nitrogen. This is to suppress
changes in dielectric length due to air pressure variations. The distribution line is isolated
from the microphonic noise by suspending the entire distribution line from O-rings every 1.5
meter.

The signal with frequency of 1497 MHz is also distributed via fiber-optic reference line
[14]. This line is used for phase drift monitoring purposes for the cable reference lines. The

6 Details on conversions of jitter values form angle to time domain are given in chapter 3.3.3
7 Linear accelerator
8 Pressure unit used in hydraulics
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fiber-optic line is approximately 1.5 km long. It makes use of an ultra-phase stable optical
fiber. The entire fiber length exhibits a thermal shift of 0.12° phase/°C.
» Distributed frequencies
As mentioned above: 70 MHz, 1427 MHz and 1497 MHz.
* Obtained signal stability

No measurement data provided but there is a statement that coaxial cable temperature
regulation of +0.1°C was achieved. This would result in £0.65° phase change on the entire 228
meter link.

* Remarks

The main advantage is the simplicity of the system. Only coaxial cable and directional
couplers directly affect distributed signal parameters. No active signal path components
(except amplifiers) means low degradation of the signal phase noise. Such system is also very
reliable.

Among the disadvantages there is significant RF loss in the cable (13 dB at 1427 MHz
for 228 meter). Such system becomes impractical for kilometre distribution distances. The
installation of such system is relatively complex and expensive: thermal insulation,
temperature and pressure regulation, 1 5/8” coaxial cable is rigid as hydraulic pipe.

2.4. Active, coaxial cable (TRISTAN)

» Location

This distribution system was installed at the TRISTAN colliding beam ring in National
Laboratory for High Energy Physics in Japan. System was described in the reference [37].

* Features

Signals are distributed using coaxial cable links. There are two distribution paths, each
1900 meter long. Each patch consists of four cable segments made of two kinds of cable. A 29
mm outer diameter cable used for short links (200 m) and 50.7 mm cable used for long links
(760 m). Both paths start at the master oscillator and go around the collider ring. Path ends
meet on the collider side opposite to the MO for phase comparison purposes.

Each segment of the reference line contains an active phase stabilization system. See
fig. 2.2 for the block diagram. At the input of each segment there is a transmitting unit
including voltage controlled phase shifter. Input signal of the transmitting unit is distributed
via the cable to the receiving unit where part of it is converted to its second sub-harmonic and
returned back to the transmitting unit through the same coaxial cable. The returned signal is
doubled back to the original frequency and after passing a second phase shifter it is compared
in phase with the input signal. Voltage obtained from the phase detector is used to lock the
feedback loop regulating out phase drifts appearing in the reference line.

» Distributed frequencies
508.58 MHz
» Obtained signal stability

Provided are measurement results of a test system simulating 760 meter segment but
with temperature changes 25 £20°C applied to the cable which is much more than temperature
changes expected in the accelerator conditions.

Measured was 0.8 degree (4.37 ps) of the output signal phase change. Measurement
duration: 4 months. Open loop phase change was about 200 degree.
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Figure 2.2: Block diagram of the reference line segment in the TRISTAN PRDS. Figure source: [37]

» Advantages and disadvantages

The main advantage is significant phase drift suppression (~250 times) by the active
circuit with relatively simple system architecture.

Amongst disadvantages there is high cable attenuation — in this case 18 dB/km for the
50.7 mm thick cable at 508 MHz signal frequency. This practically limits the distribution
distance to single kilometres, especially for higher frequencies.

2.5. Active PRDS, coaxial cable + optical fiber (NLC)

» Location

PRDS prototype for the Next Linear Collider (NLC) was tested at Stanford University
Linear Accelerator Center (USA).
* Features

Relatively complex system incorporating both the phase reference distribution and the
timing system. Detailed system description can be found in [33], [32], [34]. The signal from
the master signal source is to be distributed via 50, long fiber-optic links (with length up to 15
km), star topology. The overall layout of the NLC distribution system is shown in fig. 2.3.
Each long fiber-optic link incorporates active phase stabilization. The principle of operation
of the long link feedback system is shown in fig. 2.4. Long links provide signals to coaxial
cable based sector phase references with length of 600m. There are pick-ups installed along
the sector reference distribution lines. Sector links incorporate active phase stabilization by
means of the phase locked loop (see fig. 2.5).

15



2. Distribution system architectures

‘ Master >
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Figure 2.3: Overall layout of the NLC distribution system. Figure source: [33]

 Distributed frequencies
The target frequency equals 11.4 GHz but a value of 357 MHz (1/32 of 11.4 GHz) was
chosen for the distribution. The distributed frequency is locally multiplied at the target device.

Directional Circulator S
Laser Length Directional
.. Coupler [ —’ ] g ] 4'
Transmitter| " AdJust Coupler
Outgoing ¥ Reflected Feedback on Receiver
phase Q phase Reflected Phase
detector detector Phase Detector

Figure 2.4: Long link operating principle. Figure source: [33]

» Achieved signal stability

Results are given only from tests of the long link. No data provided about the cable
reference line and overall system performance.

Long term: +/- 2° (@11.4 GHz), corresponds to +/- 0.49 ps.

Short term (phase noise integrated in 10 Hz bandwidth): 0.2° (@11.4 GHz), corresponds
to 50 fs.

Tests were performed in laboratory conditions. No data from accelerator environment.

* Remarks

The laser of the long link operates in pulsed mode. Light pulses are amplitude
modulated by the RF signal from the master source. The CW signal is retrieved at link output
by phase locked oscillator. All together makes the system complicated (test set-up described
in [34]). This may lead to difficulties with the reliability of the system.
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Figure 2.5: Coaxial cable sector phase reference distribution layout. Figure
source: [33]
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3. Theoretical background

Many methods for describing and characterization of signal stability can be found in
very broad list of references. Nevertheless, a choice of suitable method for particular
application is not an easy task and it requires a very deep understanding of properties and
limitations of given measurement and description method. This chapter covers the definitions
of the signal phase stability and methods of characterisation of phase instabilities. Provided
descriptions are based on internationally accepted standards for the frequency and time
metrology (cited in the further text). Range of provided definitions is limited to measures
important from the point of view of the further text of this thesis.

Broad range of expressions can be found in the literature devoted to the performance of
signal sources. A short description of selected expressions is provided in chapter 3.2. This
description includes classification and explanation of terms that are used frequently in the
remainder of this work.

Additionally, methods of characterization of the influence of the PRDS components on
the signal phase stability are given. Tools and definitions described in this chapter will be a
base for the stability analysis of the signal distributed in the PRDS.

3.1. Sinusoidal signal phase stability definition

The main feature of the PRDS being subject of this thesis, as it was described in chapter
2.1, is the distribution of phase-stable sine-wave signals. The instantaneous voltage v(¢) of an
ideal sine-wave signal can be expressed as

v(t) = V,sin (21tv,i) (3.1)
where
Vo is the nominal peak voltage amplitude
vo  is the nominal frequency’, here also called instantaneous'
The phase of the sinusoidal signal is the angle “®” corresponding to a particular time
“¢’. From eq. (3.1), ®(¢#) = 2mv,¢. The values of phase and the frequency are naturally
related by 1 da(r)
Yo = ST 3.2)
Basing on this equation the relationship between the frequency and phase stability (or
instability) can be found. Important examples will be described in the remainder of this
chapter. But, first the difference between the stability and instability should be distinguished.
Multiple references, like papers collected in the NIST technical note [92], provide deep
analysis and definitions for characterization of the frequency stability. Most probably due to

9 “v” is used here to distinguish the instantaneous signal frequency from the Fourier frequency “f” that
appears in spectral densities. The symbol “f *“ (equivalent to vo) will also be used in this thesis in cases where
no mistake is possible.

10 Defined by [39] as A4V/At, where AV is sinusoidal signal voltage change corresponding to infinitesimally
small time A¢.
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practical reasons, definitions for characterization of phase instabilities, such as described in
the IEEE standard [41], appear less frequently in the literature. It is more difficult to find a
strict definition explaining the exact meaning of the frequency or phase stability. Relatively
often authors write on frequency stability, when they mean instability, like noticed in
references [71] and [85]. Such inconsistencies in notation usually do not lead to problems
with interpretation of provided information.

References [39] and [67] give definitions for the frequency stability and instability:

Frequency stability is the degree to which an oscillating signal produces the same value
of frequency for any interval, At, throughout specified period of time.

Frequency instability is the spontaneous and/or environmentally caused frequency
change within a given time interval.

One usually refers to frequency stability when comparing one oscillator with another.
Frequency or phase instabilities are results obtained from many practical measurement
methods performed on one signal source. E.g. measurement of frequency changes within a
specified period of time using a frequency counter.

The IEEE standard [41] provides a graphical definition of frequency, amplitude and
phase instabilities — see fig. 3.1. Noise components of frequency higher than the sinusoidal
signal are shown but of course conclusions are valid also for the frequency components of
noise that are lower in frequency than the considered signal. It is shown that the frequency
instability is the result of fluctuations in the period of oscillation. The instabilities of zero-
crossing derive from fluctuations of phase.

= amplitude
instability

phase
¥ instabilit}_'j

Voltage

frequency
instability

Time

Figure 3.1: Instantaneous output voltage of an oscillator. Figure source: [41]

There are many different sources of frequency and phase instabilities of the real
oscillator signal. Amongst the most important is the noise which is a random phenomena, as
shown in fig. 3.1. There are also deterministic processes affecting the signal stability, like
drifts or environmental factors. Description and classification of those sources of instabilities
is given in next sub-chapters of this thesis after providing formal measures of phase
instabilities.

In order to define a stability of a real oscillator signal, a model containing noise terms
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was introduced [39], [40], [41], [67], [85], [90], that is described by

v(t) = [V +e(t)]sin [2Tt vt + d(F)] (3.3)

where:
g(?) is the deviation of amplitude from nominal value
@) is deviation of phase from nominal value

Frequently, the parameters &(¢) and ¢¢) are also called, respectively, amplitude noise and
phase noise components. The amplitude noise component &(f) can be neglected [85], [96]
when characterizing precise signal sources. The instantaneous frequency (v(¢)) of a signal with
phase noise component (eq. (3.3)), which is the time derivative of the signal phase divided by
2w, can be defined by

_ 1 dd(r)
V(l) = V0+;7 (34)
The fractional, normalized frequency y(?) was introduced as
v(t)=v, 1 do()
1) = =
y(t) Vo 2Ty, dt (3.3)

This dimensionless and carrier frequency independent quantity characterizes the
instantaneous frequency deviation from the nominal frequency. It is very useful for
comparison of oscillators operating at different nominal frequencies. Equation (3.5) is also a
definition of the frequency instability recommended by IEEE [41].

The phase instability can be expressed in units of time by

$ (1)
t) = ——
x(t) py— (3.6)
The frequency instability and the phase instability definitions can be related by
dx(t)
f) = ——

After stability and instability definitions given above, the classification of phase
instabilities and practical measures used for characterization of for phase instabilities are
presented in the following sub-chapters.

3.2. Classification of phase instabilities

Phase or frequency stability (or instability) can be described using different types of
standard measures (see chapter 3.3). Usually, these complex measures precisely describe
signal stability but there is a number of additional parameters that must be provided'' with
given measure for full and unambiguous understanding of the result. Frequently, in practical
applications, there is no need for full characterisation of signal instabilities. The
characterisation is limited to particular range only, e.g. measurement is performed over
limited period of time or within limited measurement bandwidth. Names of parameters
obtained this way frequently appear in literature describing signal sources for different

11 Like measurement method, system bandwidth, measurement duration, environment. See e.g. [41]
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applications. Those names neither define the phase instability (as in the chapter 3.1) nor
define the measures of instability (as in the chapter 3.3). They are used for convenience as
they limit the range of given instability measures. Short explanation and classification of
those terms are given following sub-chapters. This classification can be useful for the reader,
as those terms appear frequently in the further text of this thesis.

3.2.1. Short-term and long-term instability

The phase (in)stability measure can be split into two components — short-term and long-
term stability. The short-term stability refers to all phase/frequency changes about the nominal
of less than a few second duration [40]. This kind of stability derives from a “fast” phase
noise components (measured at offset frequencies greater than 1 Hz). It is measured in units
of spectral densities or timing jitter (chapter 3.3).

The long-term stability refers to the phase/frequency variations that occur over time
periods longer than a few seconds. This kind of stability derives from slow processes like long
term frequency drifts, aging and susceptibility to environmental parameters like temperature.
The long-term stability is usually given as a parameter of a precise reference frequency
generators like atomic standards or crystal oscillators. Besides standard measures it is very
frequently expressed in parts per million (ppm) units per specified time period like hour, day,
month or year.

3.2.2. Random and systematic instabilities

The fluctuating phase term ¢(¢) of the real signal (eq. (3.3)) can be caused by two kinds
of fluctuations — random and deterministic. The random phenomena called phase noise is of
the most frequent concern when characterizing oscillator signals. Because of the random
nature of the phase noise, statistical methods for describing its parameters are used. Deep
treatment of those methods exceeds the scope of this thesis but for interested reader there is a
broad literature list covering aspects of random signals e.g. [20], [27], [63], [69], [93].
Practical measures for phase noise characterization are covered in chapter 3.3 of this thesis.
The random phase noise in electronic circuits, especially in oscillators, comes from various
physical processes in electronic component that include thermal noise, flicker and shot noise.
Again, detailed analysis of basic noise phenomena in electronic circuits is beyond the scope of
this thesis but it was very well covered in literature e.g. [27], [63], [68].

The second type of phase fluctuations — deterministic, are discrete signals appearing as
distinct components in the spectral density plot. These signals are called spurious. They are
related to known phenomena influencing the signal source such as power line frequency (50
Hz in Europe), vibration, mixing products or signals from electronic devices (e.g. switching
power supplies) penetrating the circuit by electromagnetic interference.

3.2.3. Absolute, two-port and relative (in)stability

Two kinds of signal phase instability being of the interest of the PRDS designer can be
distinguished — absolute and relative. The absolute stability refers to the total phase noise
present at the output of the signal source or a system. It can be measured using a phase noise
measurement system at any output along the signal distribution chain, e.g. at the output of a
reference oscillator, power amplifier or long cable. Each time, the measured signal is treated
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as coming from one port source. Of course all devices of the signal chain, except the reference
oscillator, are two-port devices and their contributions to signal phase instability can be
analysed separately, regardless of the driving source [40], [77].

The relative stability refers to a measure between different points of the PRDS. Actually,
it could be regarded as the accuracy of synchronization. This kind of stability can be of high
importance for particle accelerator PRDS designer because often there is required a certain
level of synchronization accuracy between various accelerator subsystems. Let us assume a
distribution system containing a reference oscillator with phase slowly drifting in time and a
number of ideal cables (having no influence on phase) distributing signal from the reference
oscillator. The phase measured at the output of each cable against the reference oscillator, will
be precisely following the reference oscillator phase. Therefore the phase difference between
the ref. oscillator and each output will always be equal zero. Also phase difference measured
between each output will be constant (perfectly stable). Naturally, in real systems, instabilities
contributed by distribution devices will be measured between various outputs of the PRDS. In
the simplest PRDS architecture — a line with pick-up points, the relative stability can be
measured between each output and the system can be divided into a number of two-ports for
the purpose of analysis of their contributions to instability. In more complex PRDS
architectures with multiple signal distribution paths (e.g. star topology) the relative stability
analysis requires more complicated approach depending on the architecture. A simple method
of calculation of relative instabilities is described in chapter 3.4.7.

3.2.4. Frequency drifts and aging

Two different kinds of long-term stability can be distinguished — drifts and aging.
Usually they could be treated as systematic instabilities because they are caused by
environmental or internal factors that in many cases could be treated as deterministic. The
references [95] and [41] provide definition for frequency aging as: change in the frequency of
oscillation caused by changes in the components of the oscillator, either in the resonant unit or
in the accompanying electronics. The remark is added that aging is the frequency change in
time when factors external to the oscillator are kept constant.

Drift is the frequency change due to aging plus changes caused by the environment and
other factors external to the oscillator, for example changes of the temperature, load and
power supply.

Since the definition of drift includes aging and the requirements on the performance of
the PRDS being subject of this thesis do not imply characterisation of aging, there was no
practical need to analyse aging in the designed system. Therefore only drifts will be
considered in the further chapters of this thesis for characterization of the long-term stability.

Frequency instabilities are usually characterised by a dimensionless quantity

Af  f—f
£ f
change. Frequency changes caused by environmental factors are often measured in units of
ppm. Usually additional parameters are provided with frequency instability values, e.g. 10
per day, or 10 ppm per 1 °C. More details on parameters used for characterisation of oscillator

frequency instabilities can be found in [104].

, where f is the nominal frequency and f; is the frequency value after the
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3.3. Characterization of phase instabilities

Multiple measures for characterization of phase instabilities are given in the literature.
In the following sub-chapters there is provided a brief description of measures important from
the point of view of this thesis. The reasons for choosing these measures were: the equipment
available for the author of this thesis (only limited number of parameters could be measured)
and the design specifications for the PRDS imposed by the FLASH facility design. As it will
be shown in the chapter 4.1, the phase jitter'> of the distributed signal is one of the most
important parameters of the distributed signals. Therefore available methods of measuring and
describing phase jitter are analysed in this thesis.

3.3.1. Measures in the frequency domain

Frequency domain characterization of oscillator instabilities belongs to the most
frequently used measures. The frequency “ /" stands here for the Fourier frequency measured
as an offset from the nominal signal frequency vo ( f=v - ).

In the absence of noise, the spectrum of sinusoidal signal is a Dirac function. The
presence of noise components (¢(¢) and @), eq. (3.3)) in the signal cause the broadening of
the power spectrum around the carrier frequency v,. For typical noise appearing in electronic
circuits, the greater the offset frequency from carrier, the lower the power of the signal in the
specified bandwidth. This can be plotted as in fig. 3.2.

A

Power

Figure 3.2: Power spectral density of the signal plotted against frequency

The recommended measures for phase instabilities are one-sided" spectral densities.
The spectral density is a plot of a measure of signal parameter (e.g. rms power) in specified
bandwidth versus the Fourier frequency. In practical cases the units of dBc/Hz are used. It
stands for decibels related to carrier in 1 Hz bandwidth - see fig. 3.2. The one-sided densities
are plotted by drawing one half of the spectrum envelope (in dB), usually the right side from
the vy, against the Fourier frequency f.

The recommended measure for the phase instability is the spectral density of phase
fluctuations Sy /') defined by eq. (3.8) and expressed in units of rad®’/Hz. Although the S/ /) it
is defined as one-sided spectral density, it includes fluctuations from both side-bands of the

12 Described in chapter 3.3.3
13 Measured for positive Fourier frequencies (above the nominal signal frequency vg). Usually one-sided
spectral density value equals ¥ of the double sided (total) one because this density is symmetric around = 0.
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carrier [96]. It should be noticed that the phase spectral density is considered as phase noise
power distribution and it is frequently called “Power Spectral Density” (PSD), although it
involves no power measurement of the noisy signal. It is measured by passing a signal
through a phase detector and measuring the power spectrum of the phase detector's output.

S,(f) = & (f)—=

B (3.8)

BW is the measurement system bandwidth in Hz.
Besides S{ /) there is another measure commonly used for characterizing the phase
instabilities which is called -2 (/') (pronounce script-ell) and defined by [41], [51].

power densityin one phase noise modulation sideband , per Hz

Z(f) = total signal power (3.9)
The ' (f) can be related to S4 ) by
Z(f) = 35,(7) (3.10)

This relation is valid only when the value of integral of S /) does not exceed 0.1 rad*.
It is usually valid for frequencies f far enough from the carrier and it is frequently violated
near the carrier.
To circumvent difficulties in the use of the -Z'(f) in situations where the small angle
Cy

approximation is not valid, the -2"( /) was redefined by the IEEE [41] as given by.
= —=S5,(/) (3.11)

The £ (f) is plotted against frequency fin dBc/Hz units, which is calculated using
Z e f) = 10log Z(f) (3.12)

It is a commonly used method for describing the phase noise of the oscillator signal.
The £ (f) is a standard output of modern phase noise measurement equipment. It is
frequently called a single sideband phase noise (SSB) — name equivalent to the one-sided
spectral density. Following this convention, the abbreviation of DSB derived from the double
sideband phase noise is used frequently as equivalent to double-sided spectral density.

Another important instability measure is the spectral density of fractional frequency
fluctuations S,( /) defined as [41]

1

I AP
S(f) =y (f)—BW (3.13)
where y’( /) is the rms fractional frequency deviation as a function of Fourier frequency.

The frequency is the time derivative of the phase. Time domain differentiation

f

2
corresponds to multiplication by (V—) in the power spectral density domain. Therefore the
0

phase and frequency spectral densities are related by
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(3.14)

3.3.2. Measures in the time domain

The frequency domain measures of instabilities described in the previous chapter are
very useful until measured at Fourier frequencies higher than 1 Hz. At frequencies much
lower than 1 Hz there are difficulties in precise measurements of the 2 (f) spectrum. This
region is particularly interesting for applications where a long term stability measurement is
required. A good solution of this problem is a sequential measurement of signal frequency or
phase over specified (long) period of time using e.g. a frequency counter. The values of frac-
tional frequency y(¢) (eq. (3.5)) can be calculated after each measurement of signal frequency
v(?). Statistical deviation of the fractional frequency y(¢) is the measure of the instability.

Recommended [41] and most frequently used is the two-sample deviation ¢,(7) also
called the Allan deviation. It is the square root of the two sample variance 0,’(7), called the
Allan variance [4]. The Allan deviation can be calculated as

Ly : 3.15
where: O-y(T) \/2(M_1) p (yHrl yl) ( )
Xig1 X
Yi =
<
M - the number of frequency measurements
i -1,2,3, ...,
x; - the time residual measurement results (see eq. 3.6) made at time ¢, t;+; = t;+,,
Liv2 = litor, ...
T - the fixed sampling interval.

A plot of ay(zr) versus 7 for given signal source typically shows regions related to
fundamental noise properties of the frequency source. There are methods allowing to calculate
the Allan deviation from the power spectral density of phase noise. Broad treatment of the
Allan variance and deviation can be found in the literature [3], [5], [8], [55], [90], [94]. Allan
variance is not used in the further text of this thesis because the characterization of the
absolute long term stability was not required for the designed PRDS. The characterization of
relative long term drifts between different outputs of the PRDS was required. Therefore direct
phase difference measurement by a precise phase detector was used for quantifying long term
drifts — see chapter 6 for more details.

3.3.3. Phase jitter

Generally the jitter is defined as the time deviation of the significant instants of the
disturbed signal from that of the ideal signal [10], [106]. Several kinds of jitter definitions can
be found in references depending on the application and measurement method. Jitter is
frequently described as the time domain measure of the instability of the oscillator signal
period [74]. The recommended quantity for characterizing stability of frequency sources is the
phase jitter q)_?[,,e, [41] and it will be used for the purposes of this thesis. Phase jitter is
described in terms of the phase difference of the jittered and ideal signals as a function of
time. Separate chapter is devoted to the description of the phase jitter because this measure is
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important for the designer of the FLASH PRDS. Specifications on the PRDS provide
constrains on the values of the phase jitter.
Phase jitter is the integral of S /) over the Fourier frequencies of application

/s
o =S S (1S (3.16)
/i

It is necessary to specify the range of Fourier frequencies for the given jitter value.
Calculation of phase jitter from the phase noise spectral density is “one-directional” operation
— it is not possible to obtain the S4 f ) from the value of ¢3m- The cb?,,,er can also be
calculated by replacing the Sy /) with the 2" (f) — but the relationship between the Sy /)
and the " (f) (eq. (3.11)) must be taken into account.

The value of cbf,-m can be interpreted as the phase noise power [1], and is expressed in
units of radian®. In practice the phase jitter is calculated in units of seconds..s (frequently
called timing jitter 4¢,,,) by dividing the square root of d)_?[,te,, by 2wy

/s
o1
A = (o W] Sul7)ar (3.17)

Since phase noise measurement results are obtained commonly from the measurement
equipment in the form of a plot of £'(f) in units of dBc, it is useful to calculate the rms
jitter directly from the phase noise spectrum. Such calculation can be performed by
substituting to eq. (3.17) the value S,;,(f) (in linear scale) given by [79]

Z wlf)

Seif) = 2J10 10 (3.18)

Several practical examples of A¢.,, calculation can be found in the article [9].

Usually the jitter is calculated for Fourier frequency values above 10 Hz. Result of
calculation for frequencies lower than 10 Hz is called wander [41]. It is a frequently used
quantity for characterizing the long term stability.

3.4. Influence of selected PRDS components on distributed signal phase
instability

Basic parameters of important components of the PRDS are described in this chapter.
The influence of particular components on the phase stability of the distributed signal is
studied. The objective is to provide system-level description useful for analysis of the phase
stability of distributed signals. Study and optimisation of internal parameters of the PRDS
components are beyond the scope of this thesis. System performance analysis presented in the
following chapters will be helpful in finding 'weak-points' of the system and specifying design
requirements for the PRDS components (e.g. frequency multipliers).

3.4.1. Oscillator phase noise

Oscillators are amongst the most important components of the PRDS. A basic model for
oscillator phase noise was proposed by David B. Leeson in 1966 [54]. Phase noise spectrum is
derived from the basic feedback oscillator model. The feedback loop consists of (fig. 3.3) a
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noiseless amplifier, resonator circuit with quality factor Q and a component representing the
noise generated in the feedback circuit. The ¢’/“° term represents the noise signal at the
oscillator input with random phase fluctuation 46(z).

Noise
cin0 .
Amplifier
G >
Signal
Sy (D)
Resonator
B/\
/,

Figure 3.3: Basic feedback oscillator model. Circuit phase noise modelled as random term
at the amplifier input.

The circuit noise (e.g. 1/f noise of the active device in amplifier) is further characterized
by its spectral density Ss( f ). Leeson noticed that slow noise components — within the

feedback (resonator) half-bandwidth B = ;—(02 - are transferred by the feedback loop to the

frequency instabilities Av of the oscillators output signal. The output frequency change is
determined by the phase-frequency relationship of the feedback loop

Vo
Av = —A0(¢ 3.19
v = S5a0() (3.19)
Basing on this equation, in the frequency domain, the spectral densities of phase and
frequency errors are tied by v\
Saulf) = (E) Sxolf) (3.20)

Finally, the spectral density of the 'slow' fluctuations of the output signal phase can be
calculated from

2
_ 1Y

S,(f) = ?(E) Sxolf) (3.21)

The fast noise components — with frequencies exceeding the resonator bandwidth — are

not influenced by the feedback loop. In other words — the input signal phase fluctuations are

directly transferred to the fluctuations of the output signal phase and the output spectral

density S /') is equal to the input spectral density Sso( /). The loop bandwidth frequency

separating these two situations is called Leeson frequency f', = 2\)—(02 .
The Leeson formula describing the spectral density of phase fluctuations is [54]
1 v )
S = [ 1+—=(==] S 3.22
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The phenomenon described by this equation is called the Leeson effect. It consists in
multiplication of the oscillator internal circuits (amplifier) phase noise spectrum by f 2 for /<
fi. This effect is shown in fig. 3.4 - typical oscillator case, in which the amplifier shows white
and flicker phase noise.

A

— . .
~ oscillator noise
N
S
n . - amplifier noise
flicker frequency
) b f7
x 12 7 \ ~
%
%
(73
Crx 06& ke
)
e, %
white frequency
ap, b 72
Ibp&ﬁe;z""" xf 74 S
g, ) white phase b A
amplifier white

s
Figure 3.4: The Leeson effect [84]

The Leeson formula (3.22) models only the simple oscillator case. Nonetheless, it has
frequently been used and referred for last 40 years. There are many publications extending the
Leeson model or showing the reasons of its inaccuracies [53], [65], [80], [81],[82]. Very good
and detailed analysis of phase noise spectra in practical oscillators can be found in [84].

The real oscillators phase noise spectrum is usually more complex than that shown in
fig. 3.4. A power-law model was introduced [39], [5] for describing the phase noise - eq.
(3.23). 3.1 shows the phase noise terms of eq. (3.23). Graphical representation of power-law
model is shown in fig. 3.5.

—4
S,(f) = ;)bifi (3.23)
Table 3.1: Power spectral densities of noise types.
Noise type Sy (f)
white @ b,
flicker @ b, f!
white f b, [’
flicker f bf"’
random walk f b, f*
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Figure 3.5: Power-law spectra

3.4.2. Frequency multiplier noise

The frequency multiplier is another important device of the PRDS. There are different
kinds of frequency multipliers used in high frequency systems [62, ch. 7 and ch. 10]. In most
cases the frequency multipliers make use of non-linear behaviour of a device (varactor diode,
transistor, step recovery diode [28, ch. 2]) or are based on the phase-locked loop (PLL). The
PLL phase noise modelling is described in chapter 3.4.4.

Regardless of the multiplier type, such circuit produces N full cycles of the output signal
for each cycle of the input signal, where N is an integer number corresponding to the
multiplication factor. Frequency multiplier is also a phase multiplier, that is, the total phase
accumulation of the output signal is N times as great as the phase accumulation of the input
signal [90]. Using the theory of frequency modulation it can be shown that the frequency
(phase) deviation is also multiplied in the frequency multiplier [63, ch. 9.6]. Consequently,
multiplication of signal frequency also multiplies its phase noise. This results in an N?
increase in the spectral density of the multiplier output signal. This corresponds to 20log(N)
increase in the SSB phase noise £ () , expressed in decibels. Described effect corresponds
only to ideal, noiseless frequency multipliers. In real cases the output phase noise is [78, ch.
4.9] (linear scale)

Z ol ) = N2 2 (f)+ 4 (3.24)
where A is additive term depending on the multiplier type. For good quality multipliers 4
varies between 0 dB and 3 dB and often it can be neglected. More details on frequency
multiplier noise analysis can be found in [28, ch. 7]. Examples of noise spectrum of practical
multipliers can be found in [24, ch. 3.9].

3.4.3. Frequency divider noise

Frequency divider, in contrast to the frequency multiplier, produces one full output
signal cycle after N full cycles of the input signal, where N is an integer number
corresponding to the division ratio. The symbol N is used for both division ratio of the
frequency divider and multiplication factor of the frequency multiplier (previous chapter)
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because the frequency dividers used in the feedback loops of frequency synthesizers are also
characterized by N (see chapter 3.4.4). In that case the value of N defines the frequency
multiplication factor by the synthesizer circuit.

Frequency divider is also a phase divider, that is, the total phase accumulation of the
output signal is N times less than the phase accumulation of the input signal. Consequently,
dividing the frequency of a signal also divides its phase noise by the same factor. This results
in an 1/N? decrease in the spectral density of the multiplier output signal. This corresponds to
20log(N) decrease in the SSB phase noise -2 (f), expressed in decibels. Described effect
corresponds only to ideal, noiseless frequency multipliers. The output phase noise in practical
cases can be characterized (in linear scale) by

Tl f) = #nguw (3.25)

where B is additive term depending on the multiplier construction. Known references do not
provide range of typical values for B. The phase noise floor of the frequency divider output
signal is given instead. It strongly depends on the divider construction and technology.

It must be noticed here that eq. (3.25) can be used only for calculations of change of the
phase noise level of the divider input signal — it is a system level calculation. This equation
does not characterize the intrinsic phase noise of the frequency divider.

When a frequency divider is used in the PLL frequency synthesizer, its phase noise is a
significant contributor to the PLL output phase noise — see chapter 3.4.4. Therefore the
frequency divider phase noise spectrum must be known for precise PLL phase noise
prediction. Unfortunately, frequency divider manufacturers very rarely provide any phase
noise data and when such data appears it is usually a phase noise spectrum for one input
frequency and one N value'. The phase noise levels at the divider output depend on the
operating frequency, input signal power and the division ratio N [23]. A digital frequency
divider is typically built of a cascade of +2 dividers. Therefore the phase jitter of any stage is
transferred to the following stage and each stage adds its own jitter [56]. Therefore the higher
N (here is the number of cascaded dividers) the higher output signal jitter and phase noise.

Taking into account all issues mentioned above, it can be concluded, that for high
performance synthesizer design, the phase noise of the frequency divider must be measured
and/or modelled experimentally. This is beyond the scope of this thesis. Rough information
about frequency divider phase noise for various types of frequency dividers can be found in
literature sources [7], [24, ch. 3.9.6], [36, ch. 2-4-1], [73], [83, ch. 2.6.2]. Phase noise plots
given in these references can be used for estimation of the value of B.

3.4.4. Phase-locked loop noise model

The basic Phase-Locked Loop (PLL) is shown in fig. 3.6. It consists of a Phase Detector
(PD), a Loop Filter (LF) and a Voltage Controlled Oscillator (VCO). The phase of the output
signal (v,) is compared in the PD with the phase of the input (reference) signal v..r. The output
voltage of the PD (v.) filtered in the LF is used to adjust the phase of the VCO signal. By this
the feedback loop is closed and the VCO signal phase is locked to the reference signal phase.

The PLL can be used in the PRDS for synchronization of oscillators frequency
multiplication and shaping phase noise spectrum of a signal at the PRDS output. There are

14 When data is given for frequency divider with programmable N value
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many references comprehensively covering the PLL behaviour and parameters, e.g. [17],
[100]. In this chapter considerations are narrowed to the PLL phase noise analysis.

v
v
v

—PD
T_

Figure 3.6: Basic block diagram of the PLL

LF

VCO

Two sources of the phase noise appearing in the PLL output signal can be distinguished:
the input signal phase noise and the phase noise generated by internal PLL components.
Simple model for calculations of the phase-locked loop output noise is derived from the linear
model of the PLL [100, ch. 2]. Basic PLL blocks are treated as noiseless and modelled with
their transfer functions. Noise components characterizing each noise source are added to the
signal in the feedback loop (shown in fig. 3.7),where:

K, - slope of the phase detector voltage to phase characteristic in V/Radian
F(s) -loop filter transfer function

s - complex frequency in the Laplace domain

Ky, - slope of the voltage controlled oscillator frequency to voltage characteristic in Hz/V
6; - phase of PLL input signal

6. - phase difference (phase error) between input and output signals of the PLL

6, - free running (not in a closed loop) VCO phase noise

6, - phase of PLL output signal

G(s) 0,

—
ei—>®e;> Ky F(s)—= KJs—»éf—?"
eOT-

Figure 3.7: PLL linear model for noise transfer function calculation

v

The phase noise at the PLL output due to each contributor is characterized by closed
loop transfer function from each noise source to the output. It must be remarked here, that the
phase transfer functions for the PLL are obtained in the Laplace-domain with the help of
transformation of all time dependent phases 6-. at specified locations (brackets <> stand for
any index used in fig. 3.7 and 3.9) contributing to the loop output phase. Obtained transfer
functions are later used for characterizing spectral densities Sy- of random phase fluctuations
A@--. This is a common approach to this task used in the literature (important positions cited
in the remainder of this chapter) and it will also be used here.

* Qutput phase noise due to input phase noise

Lets assume that the only source of noise is the input signal (6, = 0). Basing on the
control theory, the transfer function of the closed loop can be obtained from [100, ch. 2]
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0, G(s) (3.26)

_— = — = H

0, 1+G(s) (s)

K,K,F(s) . : ,
where G(s) = ——2—— s the loop forward gain. The frequency response H(jm) can be
s
found by taking into account that
s = jw = j21tf (3.27)

H(jo) depends on the loop filter transfer function'” but in general it is a low-pass

characteristic described by
1

Jjw (3.28)
K,K,F(jw)

H(jw) =

1+

Therefore for the input signal phase the PLL acts as a phase low-pass filter. In the frequency
domain, the spectral densities of output and input signals phase fluctuations can be related by

Spoljw) = S, (jw)H(jw)f (3.29)

* Qutput phase noise due to VCO noise
In this case, the input noise 6; is assumed to be zero. The transfer function of the
oscillator phase to the loop output is defined by
0, 1

0 154G (s) = H,(s) (3.30)

In the frequency domain, the transfer function H.(jo) is a high-pass characteristic

. jw
H =
e(]w) jw+ K, K, F(jw) (3.3D)

As a result, the VCO phase is suppressed within the loop bandwidth. This is because the
feedback tends to lock the VCO output signal phase 6, to 6. The internal VCO phase
fluctuations are transferred to the PLL output at frequencies higher than the loop bandwidth.
The spectral density of phase fluctuations of the PLL output signal is related to the spectral
density of the VCO phase fluctuations by

Spojw) = S, (jw)H,(jw) (3.32)

* Qutput phase noise due to input noise and VCO noise

The phase noise components coming from different sources can be treated as
independent (uncorrelated). For distinguishing, the output noise spectral density component
S4:(f) ' coming from the input noise, defined by eq. (3.29), is assigned a symbol S¢.;(f) .
The component S,,(/f) coming from the VCO noise, defined by eq. (3.32), is assigned a
symbol S4,,(f). The total output phase fluctuations spectral density is a sum of these

15 Detailed analysis of PLL transfer functions with different types of loop filters can be found in following
references[24, ch. 2.2 and 6], [83, ch. 1] and [100, ch. 3].
16 The change of the angular frequency jo to the Fourier frequency f' was made basing on eq. (3.27).
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components

S(bo(f) = Sd)oi(f) + Sd)on(f) (3.33)
Taking into account eq. (3.29) and (3.32) the total output phase noise is given by

Seo(f) = Se(NHSI + Sy, (NIHLSIF (3.34)

Summarizing performed considerations — basing on eq. (3.34): the noise of the PLL
input signal dominates in the output signal at frequencies lower than the loop bandwidth. The
phase noise component coming from the VCO dominates outside the loop bandwidth. A
simple illustration of this phenomenon is shown in fig. 3.8. It is a simplified case where the
input signal phase noise spectrum Sy,;(f)is flat over frequency, the VCO noise spectrum
S4.(f) is characterized only by one slope > (no 1/f noise) and the loop transfer function is
a single-pole low-pass.

Output noise components Sqo(f), S40.(f) and the total output noise S4,(.f) are
shown in fig. 3.8 for three different loop bandwidths: a) when the loop bandwidth is lower
than the frequency f, at which the input noise is equal to the VCO noise, b) when the loop
bandwidth is equal f, and c) when the loop bandwidth is greater than f,. Loop transfer
functions given by equations (3.28) and (3.31) are also shown in the figure.

In the case (b) the output noise spectrum S,,(f) is equal to the input noise spectrum
S4i(f) for frequencies f < fio. For f > fi, S4,(f) is equal to the VCO noise spectrum
S4.(f) . In the case (a) the noise component due to input signal noise can be neglected in the
output noise spectrum. Dominant is the VCO noise component. The shadowed area shows the
additional (comparing to the case (b)) integrated noise power that appears in the output signal.

In the case (c), the VCO noise component Sy,,(f) is suppressed and can be neglected
in the output noise. The output noise is determined by the input noise contribution. Again, the
shadowed area shows the additional integrated noise power. As it can be seen in fig. 3.8, the
optimum loop bandwidth is in the case (b). However, it should not be forgotten that it is a
simplified case. The phase noise spectra and loop transfer functions are more complicated in
real PLL circuits. Also important is that one can distinguish more sources contributing to the
output phase noise [17, ch. 14], [15], [83, ch. 2.6 and 2.7]: phase detector, loop filter
components or power supply noise. Finding optimum loop bandwidth for more complicated
cases is not so straightforward as described above but detailed considerations on this topic are
beyond the scope of this thesis.

* Frequency synthesizer phase noise

PLL frequency synthesizer is a phase-locked loop system with a frequency divider
(division ratio equals N) inserted in the feedback path. This allows for synchronizing a VCO
operating at frequency equal N-times the PLL input frequency. Similarly to the basic PLL, the
synthesizer phase noise can be derived from the linear model presented in fig. 3.9. The phase
noise of the frequency divider is modelled as an additive term Ox. All remaining symbols, are
the same as explained by fig. 3.7.

The transfer functions for phase noise modelling are obtained in a similar way as
described above (eq. (3.26) to (3.34)).
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Figure 3.8: PLL output phase noise due to input and VCO phase noise for three different

loop bandwidths
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Figure 3.9: PLL synthesizer linear model for transfer function
calculations

The difference is that the division ratio N must be included in the transfer functions. The
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closed loop transfer function of the synthesizer, Hyun(s) is given by

0, G(s)
H (s) === ———"r
synt
0, 1+—]1] G(s) (3.35)
Equation (3.35) can be rewritten by inserting the terms of G(s) and introducing
K,K,
K = N
s
NK F(s)
H = ——— . = NH
ot () T+ KF(s) (s) (3.36)

Equation (3.36) shows that the input signal phase 6; is multiplied by N by the auxiliary
transfer function H,(s). In practical cases, the forward loop gain G(s) is very large within the
loop bandwidth. Therefore the transfer function H.(s) can be treated as it equals 1 and the
phase 6; can be treated as multiplied by N only.

The noise of the frequency divider Oy is transferred to the PLL output by exactly the
same transfer function Hyy(s) as the input signal noise. Therefore the synthesizer output noise
due to both noise sources can be characterized in the frequency domain by one of the
following equations

Spoljw) = [S,,(jw)+ S,y (jw)]lH,, (jw)f (3.37)

SpolJw) = [Sy,(jw) + 8,y (jw)IN*|H,(jw)f (3.38)

It should be noticed that the noise spectral densities of reference signal and frequency
divider are multiplied by N (or 20logN in the logarithmic scale), as in the case of frequency
multiplier — chapter 3.4.2.

The transfer function of the VCO noise to the synthesizer output is obtained from

0 1
H () = =2 = ——

e_synt
0, 1+%G(s) (3.39)
Similarly to the case described by equations (3.26) to (3.30), the VCO noise is high-pass
filtered by the synthesizer transfer function H. (). In the frequency domain this is described
by

Sd)o(j('o) = S¢n(jw)|He7,vynt(jw)|2 (3'40)

The total synthesizer output noise due to all contributors is obtained basing on the
assumption that noises from all sources are uncorrelated. Similarly as in the case of eq. (3.33),
the contributors of output noise spectral densities due to different sources are assigned
corresponding indexes 6.--. The total output noise is the sum of all considered contributors

Spolf) = Spulf) + Spon(f) + S4,.(f) (3.41)
Seolf) =[S f) + Sun(NDINIH (P + Sy, (OIH,_, (f)F (3.42)
Summarizing performed considerations — basing on eq. (3.42): the PLL input signal

noise and the frequency divider noise, at frequencies within the loop bandwidth, appear at the
synthesizer output multiplied by N*H,( /). The phase noise component coming from the
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VCO dominates outside the loop bandwidth.
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Figure 3.10: Phase noise at the synthesizer output due to input
signal phase noise and VCO phase noise

A simple illustration of this phenomenon is shown in fig. 3.10, where the synthesizer
output noise was analysed taking into account the input noise and the VCO noise. It was
assumed that the loop transfer function is a single-pole low-pass, the input signal phase noise
spectrum Sy;(f) has the 1/f noise component with a corner frequency lower than the loop
bandwidth f£; and the VCO noise spectrum S,,(f) is characterized only by one slope 2 (no
1/f noise). The loop corner frequency f, was chosen at the intersection point of a plot of the
input noise multiplied by N* and the noise plot of the free running VCO. It was also assumed
that the loop transfer function H,( /') is equal 1 within the loop bandwidth.

The simple example described above shows the method of analysing synthesizer phase
noise. Similarly to the basic PLL described at the beginning of this chapter, there are more
noise sources contributing to the output phase noise that can be distinguished in practical
synthesizer circuits, e.g. phase detector noise, loop filter resistors, amplifier noise, power
supply noise. More detailed considerations on the phase noise in PLL synthesizers can be
found in [1], [17, ch. 14], [15], [49], [52], [83, ch. 2.6 and 2.7].

3.4.5. Phase noise added by amplifier and passive components

Although the amplifier (amplitude) noise theory is well known and has been studied in
detail over many decades, the amplifier phase noise analysis appears rarely in references.
Known literature sources derive phase noise degradation of amplified signal basing on the
definition of the amplifier noise figure Fy. It is assumed that the amplifier noise is a random
process added to the useful signal and not correlated to it. The spectral density of phase
fluctuations added to the signal by a noisy amplifier is expressed by [86, part 1], [84, ch.
1.4.1], [78, ch. 4.2] F kT

Sy(f) = =

(3.43)
where k is the Boltzmann's constant, 1.37-10% J/K, T'is the temperature in Kelvin (usually the
value of Ty= 290K is used) and Pj, is the amplifier available input signal power.

Equation (3.43) carries the information of the phase fluctuations of both sides of the
carrier. In practical cases, the phase noise measure of -Z°( /') is used. Taking into account the
definition (3.11), the SSB noise added by the amplifier is expressed by
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1 F kT
2 Py

Z(f) = (3.44)
Interesting method for practical estimation of the total phase noise level at amplifier
output was described by Puglia [77]. Puglia has assumed that the bandwidth equals 1 Hz. The

total noise power N, at the amplifier output is
N, = F kTG + GN,, (3.45)

0

(134

where G is the amplifier gain and N, is the input noise power. The subscript “,” was
introduced to indicate parameters of the output signal, ;" was assigned to input signal
parameters. Taking into account the 1 Hz bandwidth assumption and the definition (3.9), the
amplifier output phase noise spectrum is described by

NO
Z,00) =5 (3:46)

o

Substitution of terms of eq. (3.45) and relationship for the output signal power P,=GP;,
to eq. (3.46), yields the following relationship for the phase noise spectrum of the output
signal

(/) = FokTG + GN,,  F kT N N, Z(f)+5 347
o - GPin - Pin Pin - in $o ( . )

There is inconsistency in the last part of (3.47) because the SSB noise £, (f) is
summed with the DSB S,,(f) given by (3.43) instead of SSB noise given by (3.44). The
reason for the contradiction is that Puglia wrongly assumed that the FykT term, which
characterises a single sided power spectrum in the baseband, is directly transferred to the SSB
phase noise around the signal carrier at the amplifier output. The noise transfer should be
considered in terms of phase modulation as it is described in [86]. Nevertheless, there is no
big error in the result of (3.47), which is only a 3dB in the logarithmic scale. Correcting it, the
SSB phase noise level at the amplifier output can be modelled by

1 F kT
2 Py

At T, = 290K, the kT = 4.00-10*' and in dB, kT = -174 dBm. Expressing (3.48) in
decibels one obtains

Z,(f) = Zu(f)+ (3.48)

(3.49)

Zinas(f) -174dBm + F 5 — Py gpn — 3dB ):|

Z s f) =1010g[ 10( 10 )_|_ 10( 10

For typical oscillator phase noise spectrum -Z;,( /), the additive terms of white phase
noise spectrum (for high offset frequencies) added by a low noise amplifier (low Fj) are
negligibly small.

The phase noise spectra of the amplifier output signal given by eq. (3.43) and (3.44) is
flat over frequency. But there is a flicker noise component in the amplifier signal, which may
be of significant importance in practical amplifiers [84, ch. 1.4.2], [78 ch. 4.3]. Therefore the
generalized noise figure /' modelling the effect of amplifier flicker noise was introduced in
[77] and [1]
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Je
f
where f: is the corner frequency of the flicker noise.

The F given by (3.50) can be substituted in eq. (3.43) to (3.48) instead of F,. Unfortu-
nately, the flicker corner frequency value is rarely provided by manufacturers in the amplifier
datasheets. It varies significantly depending on the transistor technology. Several examples of
typical £ values can be found in [78, ch. 4.3] and [98]. When f; value is not available, the es-
timation of £°,( /') may be treated as accurate only at higher offset frequencies.

The simple amplifier phase noise model given by (3.48) can easily be used for any other
active or passive device present in the signal chain, that influences its input signal power and
can be characterized with a noise figure'’, also for analog fiber-optic links, as are described in
chapter 3.4.8.

The noise figure can also be found for passive, lossy components. Maas in [63, ch.
3.14], derives that at the temperature 7, the noise figure F,, of an attenuator is equal to its loss
L. Therefore F, should be substituted by L when calculating the phase noise from (3.48) or
(3.49).

Another interesting effect described by Maas [63] is that the total noise figure F;, of a
system consisting of an attenuator followed by a low noise amplifier (with noise figure Fj) is
equal

F =|1+%F, (3.50)

F, =LF, (3.51)
This relationship can be used for simplifying calculations of the phase noise of com-
ponents cascade by including the losses of passive components into the amplifier noise figure.

3.4.6. Long term phase drifts in the distribution media

The PRDS signals are usually distributed by coaxial or fiber-optic cables. Such cables
are sensitive to environmental factors, especially to ambient temperature changes. Since
temperature changes are usually relatively slow, they cause the degradation of the long term
stability of distributed signal. Characterisation of temperature induced phase drifts in the
distribution media is described in the first part of this sub-chapter. In the second part, the
signal phase change in the distribution media caused by the change of signal frequency is
characterized.

* Phase drift due to temperature change

Temperature changes are affecting the physical length of the distribution medium,
which induce phase drifts of signal distributed in this medium. In coaxial cables the temperat-
ure changes influence the electrical length of the cable by changing physical dimensions of
cable or changing the electric permittivity of the dielectric material in the region between con-
ductors. The optical length of an optical fiber is changing due to thermal expansion of the
fiber or due to changes of the effective refractive index value n.s The thermal expansion
factor of optical fiber is usually negligible (maximum 10%) comparing to the refractive index
change [70]. The change of the effective refractive index is frequently characterised in literat-

17 This model is not valid for frequency conversion devices like mixers.

38



3. Theoretical background

ure by a parameter called thermo-optic coefficient (dn/dT)". In this thesis the temperature
coefficient of signal phase changes for both, coaxial cable and optical fiber was assigned the
same symbol Kr. It is interesting that typical values of Kr for coaxial and fiber-optic cables are
similar, of the order of 10° (10 ppm) [26], [33].

The value of signal phase change caused by temperature change can be estimated using
basic relationships describing the light propagation. Because the light velocity in optical fiber
is

c =2 (3.52)
My
where ¢o= 3-10°® m/s is the light velocity in vacuum and the time # needed for the light to pass
a section of optical fiber of length L equals

L

(=2 =L,
. S (3.53)

then the change of the effective refractive index An. after the change of temperature by AT
can be calculated from

Anygy = ny K AT (3.54)
The propagation time change At after the temperature change A7 can be calculated by
substituting (3.54) to (3.53) I
At = ?neﬁ,KTAT (3.55)
0

The result of (3.54) is the signal phase change (phase drift) in the time domain. It can
be converted to angular value at given RF frequency f, by

Ap = 360°FAL [°] (3.56)

Similar equations can be written for coaxial cables. The only difference is that the signal
velocity in the cable ¢
¢ =7 (3.57)

Ve,

where ¢, is the relative dielectric constant of the dielectric material filling the cable. As
mentioned above, the temperature change causes the changes AL of the cable length. The
corresponding propagation time change can be obtained from similar equation as derived for

the optical fiber I
At = C—J?,KTAT (3.58)

0

Phase drifts in long distribution link can be calculated from eq. (3.55) - (3.58) for given
cable parameters and for expected range of temperature changes in the accelerator
environment. Measurement results obtained during tests of the PRDS components confirmed
the validity of these simple equations.

* Phase changes in distribution line due to signal frequency changes
Reference oscillator frequency drifts (unavoidable even in high quality devices) may be
a reason for significant phase changes between two PRDS outputs separated by long distance

18 n is the refractive index, T is the temperature
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distribution line. The range of phase drift in any type of distribution media can be calculated
basing on the following considerations, published by the author in [4-A].

Assume link length L, signal frequency f and the signal velocity in the distribution
media given by eq. (3.52) or (3.57). Number of RF signal wavelengths N, in the link is

N = = = [—
W ~ - (3.59)
If the signal frequency change is equal 4Af = f; — f, then the number of wavelengths
changes by AN,,= N,,; - N,,
f
AN, = 11t = Lag (3.60)
c c c
The phase change (measured in degrees) between both ends of the long link of length L
1s equal
Ad = 360°AN, [°] (3.61)

It should be mentioned here that this type of phase error must be clearly distinguished
from phase error between two signals with different frequencies, which changes as a linear
function of time. This kind of phase error also does not correspond to the change of signal
propagation time with frequency, usually referred to as dispersion [75, ch. 2.7 and 3.10].
Phase changes caused by signal frequency change can be important when comparing the
phase of two signals that are delivered to the destination via two different media. An example
can be a comparison of phase difference between signals distributed via coaxial cable and an
optical fiber, when the signal velocity c is different in these media and/or the media length is
different.

3.4.7. Short term relative instability calculation

Very important for the PRDS is the relative phase instability (described in chapter 3.2.3)
measured between various outputs of the distribution system. A simple method of estimation
of the short term instabilities, basing on the quantities introduced in the above sub-chapters is
introduced in the following text.

Let us assume that the phase noise spectral density Sgin(/) of a signal at the input of a
component of the distribution chain is transformed to the phase noise spectral density

S4oul f), of the device output signal — fig. 3.11. Jitter values Af;, and A4t,, for both spectra
can be calculated using eq. (3.17). The relative jitter At. is the difference between the input

and output signal jitter.
At,, = |At,, — Aty (3.62)

Equivalent jitter calculation directly from the phase noise spectrum can be performed
using the following formula

1
2TV,

/s
Aty = J J18 4o 1) = 8 (£l (3.63)
fi

This method of relative jitter calculation is particularly useful in practical cases when
the phase noise spectra of signals passing a device are known (measured) with no deeper
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knowledge of the device internal structure. It is a frequent case when commercial devices are
used. Manufacturers usually specify output phase noise levels but do not provide schematics
and technical details of the device construction.

Sl 9l ) SeaulS)
AT, AT .

— —
S(prel(f)’ ATrel

Figure 3.11: Relative jitter measured between input
and output of the device

The difference Sqoul(f) = S4in(f) = Sy (f) can be calculated analytically using a
linear relationship after transformation of time dependent phases to the Laplace domain. The
output phase noise spectra is obtained by multiplying the input phase noise spectra by the
transfer function of the device |H(jw)[’. This approach was described in this thesis in chapter
3.4.4 for the PLL output phase noise calculation — eq. (3.26) to (3.42). The same method was
also used by F. Ludwig in [61] for calculation of the jitter in the control system for the
FLASH facility.

3.4.8. RF fiber-optic links

Fiber-optic links are commonly used for signal transmission over kilometre distances
because of low loss and relatively low installation cost of fiber-optic cables. There is a branch
of fiber-optic links used for transmission of RF (analog) signals. Such links are called “RF
fiber-optic links” or “RF-over-fiber links”. The analog bandwidth of such links may reach
value of tens of GHz, which is much more than required for PRDS for the TESLA technology
based projects.

The precise analysis of fiber-optic links is a very broad subject significantly exceeding
the scope of this thesis. A good description of such links can be found in publications [2],
[12], which provide broad list of references. As it will be described in the subsequent
chapters, a fiber-optic link with active signal phase stabilization will be a part of a PRDS
designed for the FLASH facility. But only the simplest type of fiber-optic link will be used
here — fiber-optic transmitter (laser diode) connected with a receiver (photodiode) with a
fiber-optic cable. The light amplitude is modulated in the transmitter by the input, RF signal
and it is demodulated in the receiver. The fiber-optic link is used here only as a transmission
medium. The phase stabilization will be performed with RF techniques. Therefore
considerations in this chapter will be limited only to brief description of issues of the fiber-
optic link that directly influence parameters of the RF signal.

First issue is the link gain (or loss). The fiber-optic link gain can be calculated using
the following formula [2]

Guw as = TG + RG — 2Lo + IOIOg( -~

Rout ) (3.64)

where: TG is the transmitter efficiency, RG is the receiver efficiency, Lo is the optical loss
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between transmitter and receiver and Rin and Rout are respectively the input and output
impedances of the link.

In the PRDS being subject of this thesis considerations were limited to the choice of
transmitter and receivers with sufficient efficiency and standard input and output impedances
(50Q). But there is an interesting phenomenon, that the fiber loss is doubled (in logarithmic
scale) in RF fiber-optic links (the 2Lo term in eq. (3.64)). This occurs as a result of converting
optical power to RF energy in the photodiode [2]. There the RF current is directly
proportional to the optical power, but the RF power equals the square of the RF current. In
logarithmic scale, this squared term turns into a factor of 2 in front of the optical loss. As it
will be shown in chapter 5.3, the total optical loss in designed FO became very important
because besides optical fiber there were other optical components used, which introduced
significant loss values.

Another important issue of simple fiber-optic links that should be mentioned here is a
very high value of the link noise figure, reaching tens of decibels (20 dB to 70 dB) [2], [12].
Because of such high noise figures, the phase noise performance (short term stability) of
distributed signals is significantly limited. Fortunately the fiber-optic system described in
chapter 5.3 can successfully suppress long term signal phase drifts. The short term stability of
signal obtained at the end of that link can be improved with the use of a PLL by synchronizing
with this signal a low-noise VCO.
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4. FLASH distribution system design requirements and
conceptual analysis

Chapter 4.1 covers the description of design requirements for the FLASH PRDS with a
short explanation of the origin of these requirements. Then, in chapter 4.2, system level
considerations on PRDS architectures that could fulfil the synchronization requirements are
performed, showing advantages and disadvantages of different solutions. As a result of these
considerations the FLASH PRDS architecture is proposed (chapter 4.3). Results of
considerations described in this chapter will be used in chapter 5 as a starting point for the
detailed design of the FLASH PRDS.

4.1. Design requirements

Specification of the synchronization accuracy required for the TESLA technology based
projects is a very difficult scientific problem. The main difficulties come from the following
issues: system size (accelerator facility spreads over a large area), system complexity
(multiple RF stations with complicated control systems incorporating analogue and digital
subsystems), translations of instability measures between different physical domains (the
phase jitter of RF reference signal affects the spatial energy spread of the electron bunches
“travelling” inside of the accelerating structure, which in turn may affect required parameters
of the laser light being the output of the FEL facility). There is a number of different
requirements for the synchronization accuracy appearing in the literature, depending on the
particular project based on the TESLA technology — see chapter 1.2 for the time chronology
of these projects. As it was mentioned in chapter 1.2, this thesis is devoted to the analysis of
performance of the FLASH PRDS but this PRDS was intended to be the development base for
the PRDS for future projects like XFEL/ILC. Therefore possibilities of increasing the PRDS
size are frequently considered in the remainder of this thesis. A short overview of the FLASH
facility is given in the following text, before providing the design requirements for the
FLASH PRDS.

4.1.1. FLASH system overview and the need for device synchronization

The principle of the FLASH operation is explained basing on the system layout shown
in fig. 4.1. Electron bunches are injected into the accelerating structure from the laser driven
RF gun [11], [46] system. The RF gun is a complicated RF device which requires a precise
synchronization with the entire accelerator. The energy of electron bunches injected form the
RF GUN is increased inside of the accelerating modules (in official publications these
modules are called ACCn, where n is the module number). Chain of bunch compressors
assure proper spatial energy spread of the bunches entering the undulator'® sections in which
the free-electron lasing effect is obtained.

19 Undulator is a chain of alternately arranged magnets which causes periodical bending of the trajectory of
electron bunches. Electrons are forced to move on a zigzag like path. During change of direction of electrons
movement, a coherent light is emitted. This is called free electron lasing effect.
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expetimental bypass 1000 MeV 400 MeV 150 MeV 4 MeV
area ‘ ' bunch bunch
- compressor compressor N

! .‘:} r‘:*_:/[:,l).._l.(_:flzlﬁhlwh | ‘-.\

undulators seeding collimator #1 #6 #5 #4 #3 #2 ACC #1 RF gun

Figure 4.1: Layout of the FLASH facility.

Each ACC module consists of eight superconducting cavities operating at the frequency
of 1.3GHz. At each ACC there is a control system regulating the parameters of accelerating
field (amplitude and phase). The basic block diagram of the RF control system is shown in
fig. 4.2. The RF system can be split into two parts — high power part and the LLRF? control
system. The detailed description of operation principles of the LLRF control system (see [87]
or [89]) exceeds the scope of this thesis. Important here is that the parameters of the
accelerating field inside of the superconducting cavities are controlled by the RF system
synchronized with the stable signal source called Master Oscillator (MO). In fig. 4.2 there is
shown a number of devices (vector modulators, down and up-converters (LO signals), timing
system, ADCs (requiring clock signals) and DACs) operating at different frequencies that
require synchronization with the MO. In the FLASH facility there are seven accelerating
modules — see fig. 4.1. It means that seven copies of the LLRF control system shown in fig.
4.2 must be synchronized with the MO. Besides LLRF control systems there is a number of
other devices (not shown in fig. 4.1 and fig. 4.2) within of the accelerator facility that require
precise synchronization like lasers, beam monitoring and diagnostic systems.

* Influence of the distributed signal jitter on the electron bunch parameters

The design requirements for the PRDS are derived mainly from the requirements on the
timing and spatial parameters of the electron beam. In the time of writing this thesis, the
expected duration of electron bunches (which can be treated as very short current pulses)
leaving the ACC7 should be within the range of 60fs. The duration and arrival time jitter of
electron bunches depend on the parameters of the accelerating field controlled by the LLRF
control system. The requirements on the stability of the accelerating field have been changing
with the evolution of the TTF/FLASH system. One of the last considerations on this topic
were published by Schlarb et al. [88]. It was calculated that the amplitude and phase of the
accelerating field should be stabilized respectively to 5-10° and 0.01° within accelerating
pulse’! duration (millisecond range). The last requirement of 0.01° for the signal frequency of
1.3 GHz corresponds to ca. 20 fs in the time domain. In internal DESY talks and documents,
the last requirement on phase stabilization accuracy was sharpened to 10 fs for the reason of
having a safety margin.

As the LLRF control system is synchronized with the PRDS, the field control accuracy
depends on the jitter of the synchronization signals provided by the PRDS.

20 Abbreviation from Low Level Radio Frequency: feedback loop parts located between the downconverter and
the vector modulator in fig. 4.2.
21 The TESLA technology requires pulsed operation of the accelerating structure.
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Figure 4.2: TTF RF control system scheme for one ACC module. Figure source [87]

The precise calculation of the contribution of the reference signal jitter to the beam jitter
is a very difficult task because of the complexity of the system and feedback algorithms

digitally implemented in the system controller. Parameters of the feedback controller are
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changed frequently by system operators, depending on the actual state of the accelerator and
required electron beam parameters. Therefore there are only few publications on this topic
known to the author of this thesis. Important considerations on the jitter in the FLASH LLRF
system were published by Frank Ludwig et al. in [61]. The influence of LLRF control system
components and the MO signal on the cavity (electron beam) jitter is modelled and the jitter
budget is calculated for given system parameters and fixed phase noise spectra of the MO
signal. Phase noise model is derived basing on a simplified schematic diagram of the LLRF
system shown in fig. 4.3.

Transfer functions are derived for all important sources of phase noise in the LLRF
system. Amongst the most important results there is a formula describing the residual phase
noise Sy, zes(/) between the superconducting cavity output and the Master Oscillator

O Sy e )+ 5 Syl S| @)

stwy, 8o

2
S

S¢,REs(f) = S¢,M0(f) +

st+w,,

where gy 1s the controller gain G(s) assumed to be constant, W, = gow, 1s the control loop

bandwidth, w;, is the superconducting cavity cut-off frequency. Other parameters are the
phase noise spectral densities of the MO, Down-Converter (DWC) and Modulator (MOD), as
shown in fig. 4.3.
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Figure 4.3: Simplified schematic diagram of a single
cavity LLRF system at FLASH. Figure source [61]
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Figure 4.4: Measured Phase noise of relevant LLRF
subsystems. Figure source [61]

Equation (4.1) shows that the phase noise of the MO signal provided by the PRDS is
high-pass filtered and the DWC and MOD phase noise are low pass filtered by the LLRF
control system feedback loop. Therefore the MO jitter is significantly suppressed by the
LLRF control system.

Jitter calculation in [61] is performed for typical LLRF control system parameters. Real
phase noise spectrum measured in the so called “old” MO operating in the FLASH facility in
2006 was used. The phase noise spectra of the MO and other components used for jitter
calculation are shown in fig. 4.4. The MO signal phase jitter equals 85 fs within a bandwidth
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of 10 Hz — 20 MHz. The calculated MO jitter contribution to electron beam jitter value equals
14.1 fs. The MO jitter was suppressed by the control system of about 6 times. This is very
good result for the PRDS design because it means that the jitter value of the PRDS signal can
be higher than required phase stability of the accelerating field. However, the confirmation of
this statement requires precise modelling of the entire accelerator system, which is a very
difficult scientific task and exceeds the scope of this thesis.

4.1.2. History of the FLASH PRDS synchronization requirements

As it was mentioned above, the TESLA technology was evolving over time and it was
adopted to different projects. Therefore the PRDS requirements were changing too. One of the
first design requirements for the PRDS, concerning the TESLA accelerator, were published by
Gamp et al. [35]. The phase stability requirements for the synchronization system were
derived from the required energy spread of the accelerated electron beam and from the timing
requirements for the bunch arrival at the interaction point”. Besides synchronization
requirements, a proposal for the entire distribution system architecture was given in this paper.
The PRDS should distribute 1.3 GHz RF signals to 616 RF stations sited along 33 km long
accelerating structure.

Basing on these requirements and on the TTF system architecture, design requirements
for the TTF/FLASH PRDS were worked out and collected in the year 2003 in the requirement
document [97]. This document was revised and modified several times and the TTF2 PRDS
design was started in the year 2004 according to the latest requirement version. Later, in the
end of year 2005, more stringent requirements appeared after the publication of [88] as
mentioned in the previous sub-chapter. Although these requirements concerned the phase
stability of accelerating field and no system model was available for calculation of
requirements for the PRDS, the given value of 10 fs appeared frequently in DESY
publications as target for future PRDS performance. Nevertheless, except minor
modifications, the PRDS system design was continued according to the previous requirements
because it was intended to verify practically synchronization accuracy limits achievable with
RF technology proposed in these requirements. The most important issues of these
requirements are quoted from [97] in the remainder of this chapter.

4.1.3. General requirements and remarks

The requirement document contains many technical details like the PRDS layout
definition, required cable lengths and detailed list of power levels at every PRDS output. Only
most important requirements on the system performance, needed for further considerations of
this thesis are quoted in the following text.

1. The PRDS should consist of a master oscillator and a phase stable frequency
distribution system.

2. The main system frequency (the resonant frequency of accelerating cavities) equals
exactly 1.2999996 GHz. All other frequency values generated in the PRDS should be
integer multiplies or divisions of this frequency. For simplicity, rounded values are used,
e.g. 1.3 GHz.

22 The TESLA (ILC) Collider is planned to consist of two, 15 km long accelerating sections. One section will
accelerate electron bunches and the second one positron bunches. Both types of particle bunches will collide
in the middle of the accelerator facility (interaction point) — see [101] for more details.
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3.  All frequencies should be phase locked to the reference oscillator. The reference
frequency should be equal 9 MHz (1.3 GHz / 144). The reasons for choice of this
frequency will be explained in chapter 4.3.

4. Most of the PRDS frequencies should be generated in a device located near the
reference frequency generator (9 MHz). In the strict meaning, there is one reference
signal generator called Master Oscillator. Yet, for convenience, the entire network of
frequency generation circuits will also be called Master Oscillator or Master Oscillator
System (MO System).

Table 4.1: Frequency values required for the FLASH PRDS

Oupeaueny | Mattpeof [P fraenss | pesinaion
Accelerator timing system. Used for
50 Hz /180555.5 * comparison with zero crossings of
the mains power supply. TTL output.
1 /9 1.00309 Timing system, TTL output
9 1| owms | A s oo
13.5 *3/2 13.5416625 Laser “new”
27 *3 27.08333 Laser “old”
81 *9 81.24998 Distribution frequency
108 *12 108.3333 Streak Camera
1300 *144 1299.9996 RF system reference frequency
1517 *168 1516.6662 Bearfr;e%‘l’fgggi I{‘fﬁi‘gsgifsme
2856 + 5 kHz tbd 2856.001105 | “OLA~ ftger“fglfcr;erggi‘:gfsng cavity

4.1.4. Required frequency values

There is a number of signal frequencies that should be generated and distributed by the
PRDS. Frequency values and destination components are collected in the 4.1.

The names and function of accelerator subsystems appearing in the last column of the
table (Destination) will not be explained, as it is not important for further considerations in
this thesis. These names are helpful in localizing those components in the FLASH facility and
for estimation of the signal distribution distance. Layout of the FLASH system will be shown
later, in fig. 4.7.

4.1.5. Phase jitter requirements

As it was mentioned above, the requirements on synchronization accuracy evolved with
time and they were significantly sharpened in the end of 2005. The system development was
progressing according to older requirements in the time when new specification appeared.
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Therefore both specifications are given in the table 4.2 and the results of considerations
described in this thesis are frequently compared with both specifications.

Table 4.2: Required synchronization accuracy in terms of the phase jitter

Short term stability [fs] Long term stability [fs]
Duration 1 ms 100 ms Is 10s Minute Hour Day
paraton, [ e |tk [ e[ e | we [ we [
bReef‘})‘irgg:f;" 100 300 1000 1000 1000 | 2000 | 10000
ﬁz‘}l‘l’i{&‘)‘;"(‘)‘f 10 10 10 20 300 750 | no data

* Phase noise integration bandwidth is specified only for short term stability because the equipment
available in DESY in the time of writing this thesis, can measure phase noise only in the range of 1 Hz— 10
MHz. The long term stability is measured (where possible) directly by a phase detector.

Given set of requirements on the phase jitter must be fulfilled at every PRDS output
(absolute instability — see chapter 3.2.3) and between each pair of outputs (relative
instability). The second case requirements should in general be easier to fulfil because all
output signals are synchronized with one reference oscillator, therefore signal phase at each
output “follows” the MO phase. Naturally there is an additional phase jitter caused by the
distribution system. This jitter will be observed as relative instability between outputs and the
MO. Nevertheless, requirements for the relative instability should be different (most probably
lighter) than requirements for the absolute instability. Therefore most probably the
requirement document should be modified. It also should be expected that the electron beam
jitter is affected more by the relative instabilities between accelerator subsystems
synchronized with signals provided by the PRDS.

These statements can be confirmed only by detailed analysis of the entire accelerator
system which is a very difficult scientific task being beyond the scope of this thesis. To the
current knowledge of author of this thesis, there are no publications covering this subject.

4.1.6. Required phase noise levels

The requirement document contains specifications on the phase noise spectrum -2 (f)
for the signal frequencies that are of the highest importance for the accelerator system — 9
MHz and 1.3 GHz. The 1.3 GHz signal source should be phase locked to the 9 MHz
reference. Other system frequencies listed in the table 4.1 should be created by division or
multiplication of one of the 9 MHz or 1.3 GHz signals and the phase noise levels can be
calculated basing on the given requirements. The details of phase noise specifications are
given in table 4.3, table 4.4, fig. 4.5 and fig. 4.6.
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Table 4.3: Phase noise levels required for the 9 MHz reference

Frequency offset from | Phase noise -2 ( f)
carrier [Hz] [dBc/Hz]
1 <-115
10 <-140
100 <-150
1k <-155
10 k <-162
100 k <-164
1M <-164
-110
120 N
N
<
G B0 N
S,
B A
e
B
2
B 1
-170 T T T T T
1 10 1E+2 1E+3 1E+4 1E+5 1E+6

Offset from carrier frequency [Hz]

Figure 4.5: Phase noise levels required for the 9 MHz reference

Table 4.4: Phase noise levels required for the 1.3 GHz oscillator

Frequency offset from | Phase noise - ( 1) Phase noise 2" ( f)
carrier [Hz] Locked condition Free running
[dBc/Hz] [dBc/Hz]
1 NA NA
10 <-80 <-60
100 <-105 <-80
1k <-125 <-105
10k <-145 <-135
100 k <-155 <-155
M <150 (-155) <150 (-155)

The phase noise levels given above in the tables and figures were specified basing on the
performance of commercially available, high quality signal sources operating at frequencies
comparable to the required ones. The phase jitter values corresponding to these phase noise
spectra were calculated with the use of formula (3.17) and published in [59]. Results of
similar calculations® of the phase jitter for both signal frequencies are collected in the table

23 In [59] the area under the phase noise curve was calculated by fitting rectangles: Area=(f;-f1)L,where f, are

50



4. FLASH distribution system design requirements and conceptual analysis

4.5 and 4.6.

Phase noise [dBc/Hz]

-75
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-95
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1E+4

Offset from carrier frequency [Hz]

Figure 4.6: Phase noise levels required for the 1.3 GHz oscillator locked to the reference

The phase noise level given in the requirement document for 1.3 GHz signal at offset
frequency of 1 MHz (last row in table 4.4) rises of 5 dB when comparing with the phase noise
level at offset frequency of 100 kHz. Typically phase noise level in this offset frequency range
remains constant or decreases. Therefore the phase noise value at | MHz offset frequency was

Table 4.5: Phase jitter values calculated for the 9 MHz signal

Off::i:1 fgl;ee([lll-;z?cy b jitter [Mradms| At [fs]
1-10 7.56 134

10 - 100 1.41 24.9

100 - 1k 1.54 272

1k - 10k 2.61 46.2

10k - 100k 4.30 76.1
100k - IM 1.20 212
1-1M 29.4 520

10- 1M 21.8 386

1k - IM 18.9 334

the integration frequencies and L, is the phase noise level corresponding to fi. A bit more accurate
approximation can be obtained by fitting rectangle and triangle and summing their areas: Area'=(f,-f1)
[L,+0.5(Li-L;)]. The difference of results obtained by using these approximations is relatively small and
decreases with decreasing difference f> - fi. For more than 10 frequencies per decade the error of jitter
calculation result is negligible. For one frequency per decade, as given in the tables above, the error equals
about 30%. Therefore the second method was applied in this thesis when calculating jitter from phase noise

values given as one value per frequency decade.
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corrected to -155 dBc/Hz — (value in brackets in table 4.4) and these values will be used in the
remainder of this thesis. Such modification has only little influence on the value of phase jitter
— see values in brackets in table 4.6. The jitter value changed only of 1.8 fs (from 212.0 fs to
210.2 fs) in offset frequency range 10 Hz — 1 MHz.

Table 4.6: Integrated jitter values for the 1.3 GHz signal

Ot reduency | furadul | Aclf
1-10 ] -
10 - 100 1340 165
100 - 1k 240 29.4
1k - 10k 75.8 9.3
10k - 100k 25.0 3.0
100k - 1M 48.7 (33.7) 5.9 (4.1)
10— 1M 1730.0 (1720.0) | 212.0 (210.2)
1k - 1M 150.0 (135.0) 18.3 (16.5)

4.1.7. FLASH system layout and distribution distances

Schematic drawing of the FLASH facility is shown in fig. 4.7. Positions of most
important system components requiring synchronization are shown. Approximate distances
(in meters) of system components from the right upper corner of the facility are shown in the
figure. The accelerating structure with RF Gun and ACC modules is located inside the 260
meter long tunnel which passes into the experimental hall.

Most of the LLRF control system components with high power klystrons are located in
the areas called Hall 3 and its extension. There are also other devices requiring
synchronization, whose functions are not important from the point of view of this thesis.
Approximate paths of the phase reference signal distribution between the MO and accelerator
devices are also shown in fig. 4.7.

Detailed information about the signal frequencies distributed to each of shown devices
and power levels can be found in [97]. It is important to mention here is that the 1.3 GHz
signal is distributed to each location, except devices called LOLA, LINAC9 and LINACIS.
The required signal power level at most of the PRDS outputs is 10 dBm.
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Figure 4.7: FLASH facility layout. Not to scale. Most important RF devices requiring synchronization with the
Master Oscillator are shown.
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4.2. Possible PRDS architectures

The word architecture in this thesis means the overall system design, including such is-
sues as layout and type of distribution lines, frequency generation scheme, signal power man-
agement and stabilization of distributed signal phase. The architecture should be distinguished
from topology, which was used to describe only the layout of distribution lines — chapter 2.1.

The choice of optimal PRDS architecture is one of the most difficult and important tasks
that must be performed during the system design. It is important because the choice of the
system architecture influences the entire design process and system performance. In the
remainder of this chapter a general approach for defining PRDS architecture is proposed and
the most important issues influencing the system architecture are described.

4.2.1. General design method

Required perf 1 fOther design requirements
equired performance, physical layout, distance,
synchronization accuracy J ’Lnumber of frequencies...

System development
Reliability FINAL SYSTEM installation and
ARCHITECTURE maintenance cost
7Y
[ Available Technology J< >L System Complexity ]

Figure 4.8: Most important issues influencing the choice of the final PRDS architecture

The main difficulty in defining the PRDS architecture is a large amount of
interdependent issues that contribute to the overall system performance. Many important
technical issues are described in the text below but let us first consider the high level factors
that affect the system architecture. These issues and their interdependencies are shown in fig.
4.8. This illustration shows that the final and optimal decision on the PRDS architecture can
be taken only after performing detailed study of presented factors. It is very difficult to
provide a simple algorithm of finding the architecture. Nevertheless, a proposal of such
algorithm is shown in fig. 4.9 and this algorithm is followed in the remainder of this thesis.

4.2.2. Considerations on available technology, important issues and design choices

Most important issues that must be taken into account in the first phase of a PRDS
design are described in this sub-chapter. Presented considerations do not exactly reflect the
general algorithm given in the previous chapter. It was intended here to provide a broad view
on the complexity of the problem and show a way of choosing proper solutions. This sub-
chapter should be treated as an overview (brainstorm form) of most important problems
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related to the PRDS design. No choice concerning given issue of the PRDS is made here.
Most of these problems are addressed in detail in further parts of this thesis. Considerations
performed in this sub-chapter are the basis for the system architecture proposal described in
chapter 4.3. Additional attention is given here to the possibilities of building a PRDS for
larger accelerator facility like XFEL or ILC. Significant part of these considerations was
published by the author in [8-A].

Analyze requirements vs.
available technology

May imply

low complexity 3 3
and cost \ Choose simplest architecture that

may fulfill the design
requirements

L

issues e.g. choice of distributed
frequency, subsystem parameters

v

Estimate performance

I

1 e 2
Choose other NO Can requirements be met
architecture 1 with proposed architecture
| J/

YES

NO { N\
Acceptable cost

[ System level considerations on technical ]

YES

e \

Detailed design of subsystems

\. J

Figure 4.9: Proposed algorithm of PRDS architecture choice

* Distribution system topology

There are two main types of distribution system topology, as described in chapter 2.1:
star (number of point-to-point links between MO and destination devices) and line with pick-
up points (single distribution line). The choice of topology depends on the accelerator type.
Star topology could be most useful for circle accelerator type with small number of target
devices requiring synchronization. Several point-to-point links from the MO located in the
centre of the circle to devices located at the accelerator circle may be the best choice.
The line with pick-up points fits best to the needs of the linear accelerator facilities where the
synchronizing signals should be distributed along the straight accelerator. The main advantage
of line with pick-ups is that the smallest total length of distribution media (cable) can be used,
which may entail installation simplicity and low cost. But in the case when a distribution of
high frequency signals is needed, the parameters of pick-up points became critical for the
quality of distributed signals. The use of high performance RF connectors and directional
couplers may rise the system installation cost to levels higher than installation of equivalent
number of point-to-point links with no directional couplers.
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The reliability of the system is the next important factor. It is obvious that a simple
point-to-point link is supposed to be much more reliable than a link of the same length with
many pick-ups. One simple pick-up point contains a directional coupler or a power splitter
and several (minimum three) connectors.

Another issue, especially concerning coaxial cable distribution lines, is the RF loss
consisting of cable attenuation, losses in the connectors and a coupling ratio of the directional
couplers. Naturally, the power level of the signal will decrease along the line. Usually equal
power levels are required for the devices synchronized with the PRDS. Therefore a set of
attenuators and/or amplifiers must be used along the distribution line to assure equal signal
power levels. Such solution may significantly influence the stability of the signal and also
further reduce the system reliability.

The number of issues enumerated above indicates the scale of difficulties met in the
very first stage of system design and that detailed calculation of signal parameters and system
cost must be performed before choosing the system topology, which at first glance seems to
be a trivial problem. More details on this subject are given in chapter 5.2.1. As it will be
shown, the attenuation of coaxial cables practically limits the distribution distances to
hundreds of meters, which is sufficient for the FLASH facility. For longer systems (like
XFEL) it may be reasonable to split distribution line into short segments (e.g. 300 meter long)
and find a low attenuation method of providing stable signals to the beginning of each cable
segment, e.g. by fiber-optic links.

* Distribution media type

There are three possible choices: air (radio synchronization), coaxial cable (or
waveguide) and optical fiber. The simplest and therefore most reliable solution seems to be
the use of coaxial cable. But, as mentioned above, the signal attenuation limits the range of
practical use of coaxial cables. Also the cost of cable and its installation may be significant.

The importance of optical techniques has been growing rapidly during recent years. The
signal transmission through the optical fiber offers broad bandwidth for transmitted signals,
low media cost, high reliability and possibility of achieving large distribution distances be-
cause of low optical losses in the fiber. But, as it was shown in chapter 3.4.8, the RF loss in
simple optical link is much higher than the optical loss in the fiber. There is large conversion
loss in optical receivers and transmitters and the noise figure values of optical links are high.
These issues significantly degrade the quality of transmitted low noise RF signals and the use
of the state-of-the-art optical systems may be much more expensive than installation of
coaxial cable distribution system. It must also be taken into account that at each output of the
optical link there must be an optical receiver converting optical signal to RF signal, which
may be expensive and may influence signal performance and system reliability.

Again, as in the case of system architecture, the optimal choice of distribution media is
a very difficult task and all above-mentioned factors must be carefully considered before tak-
ing a proper decision. It will be shown in the further text of this thesis that for long distance
PRDS (like the one for XFEL or ILC) it may be reasonable to use a combination of short coax
cable sections supplied with long fiber-optic links.

Interesting alternative for cable signal distribution is the radio synchronization. The
main advantages are lack of cable installation (low cost) and high immunity of air parameters
to temperature changes — the long term phase stability is almost not affected. But the
accelerator is equipped with high energy RF systems generating very high level of
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Electromagnetic Interference (EMI). This may drastically degrade the quality of distributed
signal. Because of the EMI and additional signal stability degradation in RF transmitters and
receivers the level of synchronization accuracy required for TESLA technology based systems
is difficult to obtain by the air distribution.

* Passive distribution or active phase stabilization?

The long term stability of distributed signal may be significantly affected by aging of
the distribution media and environmental factors, especially temperature changes. The longer
the distribution distance and the higher the signal frequency, the bigger are the expected long
term phase drifts (equations (3.55), (3.58) and (3.61)). As it is calculated in chapters 5.2 and
5.3 the long term stability requirement is violated for 1.3 GHz signal, in typical accelerator
environment, for distribution distances longer than several tens of meters. Therefore for such
distances the signal phase must be stabilized either by temperature stabilization of the
distribution media or by active phase regulation by a feedback loop.

The main advantage of the temperature stabilization is that there are no additional
components required in the signal path which in connection with stable temperature may
assure very high reliability of the system. But the requirements for accuracy of temperature
stabilization sharpens with the increasing link length. For distances longer than several
hundred meters the required accuracy of temperature stabilization may be very difficult or
even impossible to achieve and for sure impractical and very expensive. Therefore for long
distribution distances the active signal phase regulation wins the competition with temperature
regulation. The examples of systems with active phase stabilization incorporating both coax
cable and optical techniques are shown in chapters 2.4 and 2.5. Detailed considerations on
active system based on optical fiber are described in chapter 5.3. The main disadvantages of
an active system are its complexity and high development costs (but the cost may be lower
than installation of temperature stabilization). The development of such system is difficult and
lengthy process. The reliability of active system is for sure much lower than that of passive,
temperature stabilized link because usually such system incorporates large number of devices.

* Choice of MO type, frequency and specification of phase noise

Proper selection of the MO type and its frequency value is one of the key decisions that
must be taken by the PRDS designer. The available technology must be analysed. For sure, at
the current stage of technology, the atomic frequency standards offer best available signal
stabilities. But such standards are expensive and their use is impractical for the TESLA
technology PRDS because they offer “standard” frequency values e.g. 10 MHz. The
frequency values required in the TESLA systems (multiples of 9.027775 MHz, see table 4.1)
can not be obtained by simple division and/or multiplication (by integer number) of the
standard frequency. More complicated frequency synthesis schemes may cause degradation of
the signal stability to levels achievable from cheaper signal sources.

The standard frequency can also be obtained from widely available navigation systems.
Global Positioning System (GPS) [44] is an example. There is a possibility of extracting 10
MHz atomic standard signal from the GPS signals [22], [58], [57]. Unfortunately, there is a
high phase noise level present in such signal and the short term stability of the signal may be
insufficient for the use in the TESLA systems. Nevertheless the GPS signal has excellent long
term stability and it may be used for synchronization of other signal sources (e.g. crystal
oscillators). But, additionally to the problems with high noise and EMI present in the radio
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transmission, one also has to consider high probability of degradation or total loss of GPS
signal in the time of difficult atmospheric conditions like heavy rain, snowfalls and thunder
storms — normal issues of receiving satellite signal when thick clouds cover the satellite
transmitter.

Besides atomic frequency standards there are also very interesting optical sources of
stable RF signals. Many publication appeared recently on the optical frequency standards,
where special type of laser (sometimes called femtosecond laser) is suited to generate
extremely stable RF signals in GHz range, e.g. [18], [30], [47]. Very interesting research in
this field is conducted by DESY-MIT cooperation that works on the development of fiber
laser for the accelerator synchronization purposes [99]. These optical techniques offer
possibilities of obtaining much better signal stabilities than current RF signal generation
techniques and it seems that optical standards will play significant and continuously growing
role in future synchronization systems. Nevertheless, even though first successful experiments
were conducted, in the moment of writing this thesis, these techniques are still in development
stage and still a lot of research must be performed to take all advantages of these techniques.
Currently, optical generators are expensive, complex and not very reliable devices. Therefore
design of the PRDS using mature RF techniques is still justified and as it will be shown later,
the temperature stabilized crystal oscillators offer sufficient performance for considered
PRDS.

The selection of the value of the MO frequency is another difficult task. It requires
careful analysis of available signal sources parameters. The signal stability degradation during
frequency multiplication and/or division must be taken into account. As it was shown in
chapter 3.4.2, the higher the multiplication factor (&), the higher the output signal phase noise.
Therefore, in the cases when the signal frequency required by the synchronized device is
higher than the MO frequency, it is advisable to select MO frequency value as close as pos-
sible to the device frequency, so that the value of N is minimised. But, the analysis of avail-
able devices (example shown in chapter 5.1), shows that the higher the frequency value, the
worse the stability (especially long term) of the signal source. Therefore the MO frequency
should be as low as possible. But this requirement is in contradiction with the previous one.
Therefore the choice of the MO frequency must be a compromise between phase noise de-
gradation in frequency multipliers and good long term stability of low frequency sources.

The choice of MO frequency directly influences the frequency generation scheme of the
PRDS (described in the remainder of this chapter) and it also affects the distribution system
architecture. For example, the RF signal loss (described above) increases with frequency in
coax cables. So the lower the frequency generated at MO, the lower the RF loss and in turn
the longer achievable distribution distances.

* Frequency generation scheme
This topic is strongly related to the choice of MO frequency and its phase noise level

specification that was addressed above. It can be especially important if it was decided that
the final frequency value(s) (at the PRDS output) is different (higher) than the MO frequency
and it will be generated in several stages by successive frequency multiplication. Several
choices appear after such decision:

« generation of all frequencies at the MO and their distribution to the destinations,

 distribution of the MO signal (one) frequency to destinations and local multiplication

to obtain the final frequency,
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+ distribution of a signal with a frequency value different than the MO frequency and
the final frequency.
The best explanation for this issue seems to be a practical example shown below.
Let us assume that the MO frequency equals 9 MHz, and the final frequency value
equals 1300 MHz. Three possible frequency generation schemes are shown in fig. 4.10.

MO 1300 MH } '70?‘ 9 MH
e ([ e
Lo Mn | g M7 ¢ ¢
R — 1" ERE x144| |x144 x144
a) 1300 MHz outputs b) 1300 MHz outputs

‘MO, \

‘ o | 8IMHz .

v | ¢ ¢ ¢

CEEE—— — —1 k16| | x16 x16

©) 1300 MHz outputs

Figure 4.10: Three frequency generation schemes: a) the final freq. generated in the MO System, b) the final
frequency generated locally at destinations from MO frequency distributed, c) Frequency value between the
MO and final frequency distributed, and the final frequency generated locally at destinations

In the case a) the final frequency is generated locally in the MO System and distributed
to the destinations. The main advantage of this scheme is the simplicity — only one frequency
multiplier (x144). Another advantage is that is possible to monitor the performance of the
frequency multiplier, e.g. to measure long term drifts at the multiplier output against the MO
signal. If the coax cable is used for distribution, the disadvantage of this frequency generation
scheme is that the attenuation of the cable at 1.3 GHz is very large (may reach several tens of
decibels per 1 km, see chapter 5.2) and it reduces the distribution distance. To assure proper
power levels for entire long links, one has to use low attenuation (large diameter, high cost)
coaxial cable or high power amplifier after the x144 multiplier or lower power amplifiers at
each location (increase system complexity and decrease reliability). High cable attenuation
causes fast power level decrease along the cable and it requires additional effort to obtain
equal power levels at each destination. Therefore the simplicity of the frequency generation
system does not give a warranty for the simplicity of the entire PRDS because of the number
of power amplification devices. Power amplifiers can also degrade the signal stability by
introducing additional noise and long term drifts.

Opposite situation is shown in the case b) in fig. 4.10, where the MO frequency of 9
MHz is distributed and multiplied locally at destination devices. Low cable loss at this
frequency assures possibility of obtaining long distribution distances and slow power level
decrease along the link and there may be no need for use of power amplifiers or their number
and gain will be limited. But, the number of x144 frequency multipliers is equal to the number
of PRDS outputs and this again entails higher system complexity and cost and lower
reliability.

59



4. FLASH distribution system design requirements and conceptual analysis

The compromise between these both cases is shown in fig. 4.10 c), where the MO signal
frequency is party multiplied at the MO (9 x 9 MHz = 81 MHz). The multiplication result can
be called “distribution frequency”. It is distributed to destinations and there again multiplied
(x16). One of the advantages of this solution is that the cable loss is still much lower at 81
MHz than at 1.3 GHz and power amplification can be avoided for relatively long distances.
Also the parameters of frequency multipliers by 9 and by 16 can be much better than
parameters of x144 frequency multiplier.

The general comparison of quality of all cases shown in fig. 4.10 can not be made here.
The choice of optimal solution can be made only after detailed analysis of these cases taking
into account parameters of available devices (freq. multipliers, cables, amplifiers), required
signal stability, system layout, distribution distances and system cost. Therefore the analytical
system modelling is rather impossible or at least very difficult and impractical. Development
of optimal PRDS structure should rather be an iterative process with analysis of performance
of proposed architecture, drawing conclusions and, if necessary, architecture improvements.

4.3. FLASH PRDS architecture proposal

As it was shown in fig. 4.9, the design process of the PRDS can be started from analysis
of the design requirements taking into account available technology. Amongst most important
requirements on the system performance are values of required phase jitter collected in table
4.2. The phase jitter values of the 1.3 GHz signal (main frequency in the FLASH system)
should not exceed levels given in the table. The phase jitter values can be calculated from the
phase noise power spectral density S,(f) with the use of eq. (3.17) or from the SSB phase
noise spectrum 2 (f') after substituting eq. (3.18) to eq. (3.17).

The SSB phase noise -2 (f) of the 1.3 GHz signal should be specified relying on the
required phase jitter. Unfortunately, unambiguous calculation of the entire phase noise
spectrum from a single value of phase jitter is impossible. Therefore the phase noise spectrum
of the 1.3 GHz signal can be specified only in iterative manner by giving reasonable (possible
to obtain by the available technology) phase noise levels in given Fourier frequency range,
calculating jitter from eq. (3.17), comparing with the requirements and, if necessary
modifying the phase noise level. Example of such calculations verifying the correctness of
specification from the document [97] is given below.

Let us assume that the initial phase noise spectrum of the 1.3 GHz signal is the same as
given in the requirement document [97], given in table 4.4 and fig.4.6. It is also plotted in fig.
4.11, line A. The jitter values calculated with the use of eq. (3.17) for various frequency
ranges are collected in row A of table 4.7.

The phase jitter, calculated in range [10 Hz, 1 MHz], equals 210.2 fs. For frequency
range [1kHz, 1 MHz] the phase jitter equals 16.5 fs. The required jitter value (table 4.2) for
these frequency ranges equals respectively 300 fs and 100 fs. It follows that the phase noise
spectrum was specified with significant margin, especially when comparing with the result of
jitter calculation in the second frequency range (required phase jitter: 100 fs, phase jitter
calculated from specified £ (/) :16.5 fs).

Phase noise spectrum more exactly fulfilling the design requirements on the phase jitter
is given in fig. 4.11 as the case B. Such values of (/) can be achieved with relatively low
cost generators.
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Figure 4.11: Phase noise levels for jitter calculation

Table 4.7: Jitter values for five phase noise spectra of the 1.3 GHz signal

Offset frequency |y 400 | 100-1k | 1k-10k |10k-100k | 100k-1M | 10-1M | 1k-1M
range [Hz]
Al 1650 29.4 9.3 3.1 41 2102 16.5
B | 1650 39.0 42.9 37.0 16.4 299.9 96.3
Jitter value
T LS| 925 16.7 9.3 3.1 41 125.7 16.5
D | 520 9.7 9.3 3.1 41 78.2 16.5
E 3.0 1.7 18 1.0 23 9.7 5.0

It can be noticed that the biggest contribution to the jitter value comes from the noise
spectrum in range [10 Hz, 100 Hz] (210.2 fs). As an example, the phase jitter was calculated
for two cases C and D, where the level of £(f) in this frequency range was consecutively
decreased by 5 dB, starting from the level given in the requirement document. The calculated
phase jitter values are equal respectively 125.7 fs and 78.2 fs.

The phase noise spectrum that could fulfil the second case requirements (table 4.2, after
2006) of 10 fs phase jitter is given in the case E in table 4.7 and fig. 4.11. But to the
knowledge of the author of this thesis, obtaining such levels of () (-115dBc @ 10 Hz
offset from carrier frequency for 1.3 GHz RF frequency) is very difficult or even impossible
with the use of current techniques of RF signal generation.

* Reference oscillator parameters

The entire PRDS should be synchronized with a signal from reference generator called
MO. Basic considerations on the choice of the MO frequency were described in the previous
chapter. Different types of the frequency generation scheme were shown in fig. 4.10.

The first approach is to use the MO operating directly at frequency of 1.3 GHz and
divide its frequency in order to obtain other (lower) frequencies given in table 4.1. But,
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currently available oscillators operating in this frequency range offer much higher phase noise
levels at low offset frequencies (<10 kHz) than required levels shown in fig. 4.11. It means
that the requirements on the phase stability (especially the long term) stability not be fulfilled
by a free running oscillator operating at frequency of 1.3 GHz.

Performance analysis of currently available oscillators yields a conclusion that the long
term stability and phase noise levels for low offset frequencies tend to improve when the
oscillator output frequency decreases. Therefore the MO should be chosen to operate at
frequency lower than 1.3 GHz. The 1.3 GHz signal can be obtained from MO signal either by
multiplication of the MO frequency with the use of a frequency multiplier — addressed in
chapter 3.4.2 or synchronization (by means of phase-lock, chapter 3.4.4) of a 1.3 GHz Voltage
Controlled Oscillator with the MO.

The specification of parameters of the reference oscillator should be performed taking
into account the phase noise level of the 1.3 GHz signal (as calculated above) and the long
term phase stability required for the PRDS. The MO phase noise spectrum can be calculated
using eq. (3.24) for the frequency multiplier and eq. (3.42) for the PLL frequency synthesizer.
In general, with signal frequency multiplication phase noise level increases as N* (N is the
multiplication factor). But in the case of the PLL, the output signal phase noise spectra can be
shaped within the loop bandwidth according to the PLL transfer function given by eq. (3.36).
This can be an advantage in comparison with frequency multiplier other than a PLL because
the phase noise levels obtained by good quality VCOs at high offset frequencies (>1 MHz)
can be lower than the phase noise obtained by other frequency multipliers (for the same offset
frequency range). Therefore the short term stability can be improved by the PLL.

The final decision on the MO frequency value can be taken after considering all issues
mentioned above and analysing parameters of available frequency sources. Since exact
frequency values required for the PRDS (table 4.1) are different from standard ones available
in the market, the MO will have to be a custom product. This will imply higher cost of the
MO, which must also be considered.

It was concluded that the best long term stability and close in (in the range of Fourier
frequency [1 Hz, 100 Hz]) phase noise levels of the 1.3 GHz signal can be obtained by
frequency multiplication of a signal from Oven Controlled Crystal Oscillator (OCXO)
operating at frequency close to 10 MHz. The nearest frequency value that can be multiplied
by integer number (N = 144) to obtain 1.3 GHz is 9.027775 MHz. This frequency value is also
needed in the accelerator system (table 4.1). Therefore a part of the OCXO signal can be
directly distributed without a need for additional circuits generating this frequency value.
Therefore the system cost and complexity can be reduced.

The rough estimation of phase noise levels required for such MO can be made by
subtracting 20logN from the phase noise levels required for the 1.3 GHz signal. The result is
given in table 4.8. This method of estimation is valid for ideal frequency multiplier.
Unfortunately, obtaining phase noise levels calculated for frequencies above 1 kHz would be
very difficult or even impossible with the use of available frequency multipliers.
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Table 4.8: Phase noise levels required for 1.3 GHz and 9 MHz signals when ideal frequency multiplier is used
for obtaining 1.3 GHz signal

Offset frequency [Hz] 10 100 1k 10k 100k 1M
Z(f) required for 1.3 GHz
- -1 -12 -14 -1 -1
[dBc/Hz] 80 05 5 5 55 55
Z(f) calculated for 9 MHz
-123 -148 -168 -188 -198 -198
[dBc/Hz]

The results gathered in table 4.8 confirm the statement that the best choice for obtaining
the 1.3 GHz signal will be a PLL frequency synthesizer. Its advantage, as described in chapter
3.4.4, is that the reference oscillator phase noise is increased by 20logN within the PLL
bandwidth. The engineering experience shows that in applications similar to described here,
the PLL bandwidths rarely exceed several hundred Hz. Therefore the phase noise level for the
9 MHz oscillator can be estimated by subtraction of 43 dB from the 1.3 GHz phase noise only
within the loop bandwidth. The 9 MHz signal phase noise level outside the PLL bandwidth is
less important, unless this signal is used for other purpose than generation of the 1.3 GHz
signal and there is also a requirement of low phase noise level for this purpose. The phase
noise level values for 9 MHz MO, given in the requirement document (collected in table 4.3)
are specified with significant margin, e.g. -140 dBc @ 10 Hz (-123 dBc calculated here).

* Frequency generation scheme and distribution media type

There are at least three possibilities of frequency generation, as shown in fig. 4.10.
Besides phase noise level, the choice is also strongly related to the type of media that will be
used for signal distribution. Three most important media types are coaxial cable, waveguide
and optical fiber. The use waveguide for distributing 1.3 GHz signals seems to be impractical
because of big dimensions of the waveguide at this frequency. It would also require
production of custom directional couplers and other components for connecting the
waveguide with the LLRF system. This would imply very high installation costs.

The optical fiber is a very interesting choice. But the analogue optical transmission links
exhibit high degradation of the short term stability of transmitted signal (see ch. 3.4.8). To
achieve low phase noise levels at distribution destinations, phase-lock techniques should be
used to synchronize a good quality 1.3 GHz VCO with the distributed optical signal. By this,
improvement of the phase noise spectra of the distributed signal could be achieved. But it
would imply high complexity and high cost of the entire system. The cost increase would also
be caused by the fact that at each distribution destination a good quality optical receiver
should be used. Such receivers may be expensive.

For that short distribution distances, as required for the FLASH facility, the use of
coaxial cable may be a good solution. It would make possible to use the simplest frequency
generation scheme with one 1.3 GHz signal source located at the references oscillator. But the
cable attenuation can be a problem for the signal distribution. Typical RF loss for good quality
coaxial cable equals 13 dB / 100 m for 'z inch cable and 6 dB / 100 m for 7/8 inch cable.
Therefore, depending on the cable type, the attenuation of a 300 m long cable would be equal
respectively 39 dB or 18 dB. In most cases the signal power level required at destination is 10
dBm. Precise calculation can not be performed in this stage of the PRDS design but taking
into account additional losses in cable connectors and other devices like power splitters (e.g. 2
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dB) one can estimate that the power level at the output of the MO system should be higher
than 30 dBm (= 10 dBm + 18 dB + 2 dB). Obtaining such power levels at 1.3 GHz is not
difficult with the use of current technology but the manufacturers of power amplifiers usually
do not provide data characterising signal stability degradation by the amplifier. For example
long term signal phase drifts or signal phase temperature sensitivity, may be critical for the
PRDS performance. These issues must be verified experimentally.

Besides 1.3 GHz there are many other signal frequencies that should be synchronized
with the MO — table 4.1. Fortunately in the FLASH facility, most of these frequencies are to
be provided to devices located near the MO — LLRF control racks shown in fig. 4.7. Therefore
these frequencies can be generated locally at MO and it was decided that the MO System will
be designed as one modular device, generating all frequencies. The proximity of the
frequency multipliers and dividers to the reference oscillator will make easier maintaining and
monitoring the system performance. The MO System should be assembled in temperature
controlled chamber which should assure good long term phase stability of generated signals.
More detailed analysis of the MO System and frequency generation scheme are given in
chapter 5.1.

It was mentioned above, that the FLASH facility is intended to be an experimental base
for development of technology needed for the design of larger accelerating facilities like
XFEL and ILC. Therefore, besides main distribution scheme described above, possibilities of
testing other distribution schemes have been foreseen. Besides links distributing 1.3 GHz
signals, coax cable links distributing 81 MHz signal have been foreseen. The 81 MHz signal
will be generated in the MO System (9 x 9 MHz). The 1.3 GHz signal will be obtained locally
by multiplication (x 16) of the 81 MHz frequency. Since the 9 MHz signal should also be
distributed to some locations where the 1.3 GHz signal is required, it makes the opportunity to
generate 1.3 GHz with the use of x144 frequency multipliers. Also a fiber-optic links were
foreseen for test purposes. Tests and performance comparison of all solutions are planned
after the installation of complete PRDS. Conclusion of the comparison will be very useful for
future PRDS designs.

* Long term phase drifts in the distribution media

The cables for the FLASH facility PRDS will be located partly in the accelerator tunnel
and partly in accelerator halls — see fig. 4.7. The concrete tunnel is located on the ground level
with several open passages to accelerator halls. Therefore the temperature inside of the entire
facility is susceptible to air temperature changes in the accelerator environment. Usually
temperature inside of the tunnel, far from passages, is more stable than in halls. The
temperature changes in Hamburg from day to night can exceed 10 °C and over a year it can be
even more than 30 °C. It was measured that the temperature inside of the FLASH facility
changes typically between 3 °C and 5 °C (peak-to-peak) over a day, with fastest changes
between 6 and 8 a.m. (in the summer time) with rates of 1.5 °C per hour. Naturally it depends
on the weather conditions and there are days with more stable temperature.

A simple estimation of signal phase drift for typical cable parameters can be made with
the use of eq. (3.58). The cable length L = 300 m, signal velocity in the cable ¢ = 0.88 ¢, the
phase/temperature coefficient K+ = 10°. In time domain, the phase change in cable equals
At=11.3 ps per 1 °C. For expected temperature change of 5 °C the A¢ = 56.5 ps. This value
significantly exceeds the long term phase stability limit of 10 ps per day given in table 4.2.
Taking into account the fastest temperature changes (e.g. 1.5 °C per hour in morning time), the
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peak value of A¢ equals 17 ps per hour. This violates the long term stability requirement of 2
ps per hour given in table 4.2. Similar results can be obtained for typical optical fiber.

The conclusion is that either a temperature compensated cable should be used or a
temperature stabilisation must be applied. It was decided that all cables will be thermally
insulated and cable temperature stabilisation system will be installed. More details on this
subject are given in chapter 5.2.4. Additionally, a Fiber-Optic (FO) link with active phase
stabilisation was developed. Excellent long term phase stability of distributed signal was
achieved in this link — more details are given in chapter 5.3. The FO link will be used for
signal phase monitoring in coaxial cable distribution links. Second FO link application is
stable signal distribution on long distances (exceeding even 10 km).

* Summary of performed considerations on the PRDS architecture

. the 9 MHz OCXO should be used as a reference oscillator,

. the 1.3 GHz signal should be obtained by phase-locking of 1.3 GHz VCO to the 9 MHz
signal,

. phase jitter values were calculated from required phase noise spectrum of the 1.3 GHz
signal. Calculation confirmed that requirements on the short term stability can be
fulfilled by an oscillator with phase noise levels given in the requirement document,

. the validity of phase noise levels specified for the 9 MHz OCXO in the requirement
document was confirmed,

. the 1.3 GHz signal and other signals required for the FLASH facility should be
generated near the reference oscillator within the MO System,

. the 1.3 GHz signal should be distributed by temperature stabilised coaxial cables,

. optical fiber link with active phase stabilisation should be used for monitoring of the
long term phase drifts in the coaxial cables,

. experimental link with the 81 MHz signal should be installed. The 1.3 GHz signal will
be obtained locally at PRDS outputs and performance of both distribution schemes will
be compared. This may be important for longer distribution distances as for the XFEL
project.

Detailed design analysis and description based on assumptions presented above are
described in following chapters of this thesis.
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5. FLASH phase reference distribution system details

This chapter contains detailed description (on the system level) of the PRDS
components. System details are specified basing on the design requirements and architecture
assumptions described in the preceding chapter. A method of PRDS design is shown. The
PRDS design is a very difficult task because the final system architecture must be derived
taking into account many interdependent issues like system level stability requirements,
available technology and system cost. A practical approach to this problem is shown.
Theoretical and technical issues that significantly influence the PRDS performance are
described. The chapter is split into three sub-chapters where the analysis and design of most
important PRDS subsystems are performed. The first sub-chapter is devoted to the design of
the Master Oscillator System, in the next one the signal distribution links are described and
the last sub-chapter shows the design of the Fiber-Optic link with active phase stabilisation.

5.1. Master Oscillator System

Most important design issues of the MO System are described in this chapter. These are
mainly system-level issues, like choice of frequency generation scheme. Conceptual analysis
and justification of choices made for the system are described here. Description of technical
details of the MO components like electrical schematics is avoided in this chapter. Important
technical details will be described in appendix 1.

5.1.1. General requirements

The MO System should consist of the reference oscillator (MO) and the frequency
generation network. The list of frequencies that should be generated by the MO System was
given in the table 4.1. As it was described in preceding chapter, the most important frequency
is 1.3 GHz. This frequency should be generated by phase locking of 1.3 GHz VCO to the 9
MHz OCXO. All remaining frequencies should be generated out of the 9 MHz signal by
devices located near the MO, within the MO System. The exception is the 2.85 GHz signal
which is required only in one location (called LOLA in fig. 4.7) of the accelerator, which is
over 100 meter away from the MO System. Because of high cable attenuation at 2.85 GHz it
is advisable to generate this frequency at LOLA device with the use of distributed signals (81
MHz or 1.3 GHz).

Additional requirements that influence the system design are listed below. The MO
System should be designed in 19 inch rack standard [ 19] - this standard is used for electronics
installation in the FLASH facility. The MO System should be split into suitable number of 19
inch crates. Each crate should be equipped with suitable system for monitoring of signal
parameters: signal power level, PLL phase lock and, where applicable, signal phase drift
between input and output of devices like power amplifiers.

The choice and/or design of MO subsystems is described in the reminder of this chapter.

66



5. FLASH phase reference distribution system details

5.1.2. Reference oscillator

It was decided (chapter 4.3) that the Oven Controlled Crystal Oscillator with operating
frequency of 9.027775 MHz should be used as the reference oscillator for the PRDS. The
required frequency value implies that the OCXO must be a custom made device. The best
performance OCXO was offered by the Wenzel Associates Inc. company. The device belongs
to the series called by the manufacturer Streamline Crystal Oscillators. The OCXO module
consists of ten Stress Compensated (SC-cut) [38] crystals, which offer very good frequency
stability. Typical and measured values of the OCXO phase noise spectrum are collected in
table 5.1. The stability parameters are listed below:

« Aging 1 x 107 per day, after 30 days operation
» Temperature stability +1 x 10, -30 °C to +70 °C
» Short term frequency stability
-1x10"forT=1s
-2x 10" forT=10s

Table 5.1: Phase noise levels of the 9 MHz OCXO, catalogue and measured data

Offset frequency [Hz] 1 10 100 1k 10k 100k 1M
Typical " ( /) [dBc/Hz] -105 -135 -150 -155 -162 -164 -164

Measured 2" ( /') [dBc/Hz] | -105 -136 -155 -164 -167 -168 -

5.1.3. Frequency generation scheme, conceptual analysis, block diagram

* Generation of the 1.3 GHz signal

It was derived in chapter 4.3 that the 1.3 GHz signal should be obtained by phase
locking of 1.3 GHz VCO to the 9 MHz OCXO which was specified in previous sub-chapter.
Several schemes of locking the 1.3 GHz VCO signal were analysed. Two most important of
them are shown in fig. 5.1.

The first scheme, shown in fig. 5.1a, is a simple x 144 PLL frequency synthesizer. A
simple phase noise analysis of this PLL was performed basing on the relationship (3.42). The
phase noise levels of the 9 MHz OCXO and 1.3 GHz VCO given in the requirement
document (here in table 4.3 and 4.4) are used for PLL output phase noise calculation. The
phase noise of frequency divider was neglected. In general, it is an important contributor to
the PLL output noise. But it was found that neglecting frequency divider noise does not
change the final conclusions of these considerations.

The results of calculations are shown in fig. 5.2a. The PLL bandwidth was chosen to be
equal to the frequency of intersection* of the phase noise line of the free running VCO and
the reference (OCXO) phase noise increased by 43 dB ( = 20-log;o 144, eq. (3.24), parameter
B=0). The most important conclusion of this calculation result (fig. 5.2a) is that the phase
noise level of the 1.3 GHz VCO phase locked to 9 MHz is higher than the level required for
the FLASH facility for offset frequency range [100 Hz, 100 kHz]. If a VCO and a reference
oscillator with the phase noise specified in the requirement document are used in this

synthesis scheme, the required level of the 1.3 GHz signal phase noise can not be achieved.

24 Simple method for PLL bandwidth selection was described in chapter. 3.4.4; see fig. 3.8.

67



5. FLASH phase reference distribution system details
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Figure 5.1: Two methods of 1.3 GHz signal generation from 9 MHz OCXO signal: a) x 144 PLL
multiplier; b) two PLL solution, multiply OCXO freq. by 9 to 81 MHz and multiply 81 MHz freq. to
1.3 GHz in x 16 multiplier

Phase jitter values calculated from phase noise spectra shown in fig. 5.2a are shown in
the table 5.2 in row labelled “a)”. These values can be compared with values calculated from
phase noise level required for 1.3 GHz, shown in the table row labelled “req” (copied here
from table 4.6). Important is the fact that the jitter value calculated in the range [10 Hz, 1
MHz] decreased significantly, from 210.2 fs to 135.6 fs, even though the obtained phase noise
level in range [100 Hz, 100 kHz] is higher than required. The reason is that the biggest
contribution to the total jitter value comes from the phase noise in range [10 Hz, 100 Hz], as it
was noticed in previous chapter, below the table 4.7.

Results of calculations shown in fig. 5.1a confirm the statement from chapter 4.3, that
the required phase noise level of the 1.3 GHz signal can be obtained only by a phase-lock
techniques. When multiplying the 9 MHz signal by a frequency multiplier other than PLL
frequency synthesizer, the 9 MHz OCXO phase noise level would be increased by minimum
43 dB, as shown in fig. 5.2a.

Table 5.2: Phase jitter values calculated from 1.3 GHz signal phase noise spectra shown in fig. 5.2a,c and from
requirement document

Offset frequency | 1 400 | 100-1k | 1k-10k |10k-100k | 100k-1M | 10-1M | 1k-1M
range [Hz]
a) 25.9 34.6 60.4 10.5 4.13 135.6 75.1
Jitter value
AT [£s] ) 25.3 27.4 8.9 10.7 4.4 76.5 23.9
req. 165 29.4 93 3.1 5.9 210.2 16.5
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Figure 5.2: Phase noise spectra: a) 1.3 GHz VCXO phase-locked directly to 9 MHz OCXO; b) 81 MHz VCXO
phase-locked to 9 MHz OCXO; ¢) 1.3 GHz VCO phase-locked to 81 MHz VCXO from case b); d) Comparison of
1.3 GHz phase noise levels obtained in case a) and case c)

The second scheme shown in fig.5.1b consists of two frequency synthesizers connected
in series. It is reasonable to choose the output frequency value of the first synthesizer from the
list of frequency values required for the FLASH facility. After analysis of parameters of
oscillators available on the market, it was found that the optimum phase noise level of 1.3
GHz signal can be obtained when the first synthesizer is used to generate 81 MHz signal (9
MHz x 9). Voltage Controlled Crystal Oscillators (VCXO) operating at 81 MHz are available
with phase noise levels comparable to the phase noise 9 MHz OCXO at offset frequencies
higher than few hundred Hz. Example of phase noise of the free running 81 MHz VCXO? is
shown in fig. 5.2b. The long term stability (phase noise level at low offset frequencies) of the
VCXO is significantly worse than the long term stability of the OCXO. But by phase-locking
of the VCXO to the OCXO one can take advantages of both oscillators — low phase noise
level at high offset frequencies and a good long term stability.

The 1.3 GHz VCO is phase locked to the 81 MHz VCXO signal by the second PLL
frequency synthesizer (which multiplies 81 MHz x 16) shown in in fig.5.1b. The obtained
phase noise spectrum of the 1.3 GHz signal is shown in fig.5.2c. Comparison of this phase

25 This phase noise spectrum was measured at DESY from a VCXO purchased for the MO project
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noise with phase noise of a single PLL synthesizer (fig.5.2a) is shown in fig.5.2d. In offset
frequency range [100 Hz, 10 kHz], the phase noise of the two PLL synthesizer is significantly
lower than the phase noise of the the single PLL synthesizer.

Such decrease of phase noise level causes significant decrease of the phase jitter values
— see table 5.2, row labelled “c)”. The phase jitter calculated in the frequency range [10 Hz, 1
MHz] is now as low as 76.5 fs. This is much less than required 300 fs. Phase jitter value in
offset frequency range of [1 kHz, 1 MHz] equal to 23.9 fs is also smaller than 100 fs required
in this range.

It must be reminded that obtained phase noise and phase jitter values were calculated
with the use of phase noise levels specified in the requirement document for 9 MHz signal
and 1.3 GHz free running VCO (table 4.3 and table 4.4). A good quality 1.3 GHz VCOs can
be found with lower phase noise levels than specified in the requirement document. An
oscillator based on a dielectric resonator is an example. Design and performance of example
of such VCO operating at 1.28 GHz was described by Niehenke and Green in [66]. Phase
noise levels were given in the paper for offset frequency range [1 kHz, 1 MHz] — given here
in table 5.3. These values are of minimum 10 dB lower (better) than corresponding values
specified in the requirement document for the free running 1.3 GHz VCO. Such a VCO used
in the PRDS PLL could make it possible to obtain phase noise levels of the locked VCO
comparable in the entire offset frequency range of [10 Hz, 1 MHz] with levels given in the
requirement document.

Table 5.3: Phase noise levels of free running 1.28 GHz VCO described in paper [66]

Offset frequency [Hz] 1k 10k 100k 1M
Z(f) [dBe/Hz] -113 -143 -163 -169

In the moment of writing this thesis two types of 1.3 GHz VCO had been tested. First
type is based on the Surface Acoustic Wave (SAW) resonator [78, ch. 2.15], [64]. the second
tested type is a SAW replacement oscillator DCSO-1300%. PLL modules with VCO based on
the dielectric resonators are under development too. Phase noise spectra obtained by 1.3 GHz
(DCSO) PLL module will be shown in chapter 6.1.1. Important technical details like PLL
parameters of the SAW and DCSO modules can be found in [60, ch. 4.3.1].

The use of the two-PLL scheme for generation of 1.3 GHz signal has several practical
advantages. As it was justified above, the phase noise contribution of the frequency divider in
analysed PLLs was neglected. In practical frequency synthesizer circuits the intrinsic phase
noise added to the signal by frequency divider”’ can be a very important contributor to the
output phase noise. The transfer function for the frequency divider phase noise in the PLL is
the same as for the reference oscillator phase noise — see eq. (3.42). It means that the
frequency divider noise within the loop bandwidth is also increased of 20-log 0N [17, fig. 9.3].

Frequency divider :144 used in the single PLL is supposed to have much worse
performance than dividers :9 and :16 used in the two PLL solution. Therefore lower intrinsic

26 Manufactured by the Synergy company

27 A misunderstanding should be avoided here. As it was described in chapter 3.4.3, eq. (3.25), the frequency
divider decreases the phase noise of the signal by 20-logie/N. This phenomenon should not be mistaken with
intrinsic noise in the divider, e.g. phase noise floor at divider output, that does not depend on the signal phase
noise but on the divider type (technology, division ratio...). The intrinsic noise is multiplied by the PLL.
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phase noise levels of these dividers will be multiplied by lower numbers in both PLLs. This
will result in further performance improvements of the two PLL solution comparing with the
one PLL solution.

The 81 MHz is also required for the FLASH facility. Next advantage of using the two-
PLL frequency synthesizer is that a part of the the 81 MHz signal can be used for distribution
purposes without a need for using an additional frequency synthesizer. This can be also
advantageous for the relative phase instabilities between the 81 MHz and 1.3 GHz signals.

Let us compare two schemes shown in fig. 5.3. Relative instabilities A4t between zero-
crossings of the 1.3 GHz and 81 MHz signal phase are shown in these schemes. The value of
At in the scheme shown in fig. 5.3a are expected to be greater than the instabilities At.' in the
scheme from fig. 5.3b.

* Generation of other signals required for the PRDS

Considerations should be performed for development of the scheme of generation of
other frequencies required for the PRDS (see table 4.1). Frequency values lower than 81 MHz
(1 MHz, 9 MHz, 13.5 MHz, 27 MHz) can be obtained from the 9 MHz signal with the use of
frequency multipliers, as shown in fig.5.3a or they may be obtained from 81 MHz signal with
the use of frequency dividers as shown in fig.5.3b. Let us focus on the frequency of 27 MHz.
Conclusions will be valid for remaining frequencies.

a) b)
0CXO 0CXO
PLL PLL | PLL
@ " X144 —* 1.3 GHz out N X9 x16 — 1.3 GHz out A
9 MHz rel 9 MHz el
> PXLI9~ > 81 MHz out - 81 MHzout
Atrell - A'[rell'
y MU s 27 MHzZ out b Py s 27 MHz ow
i Mult, | Other ! U Div. | Other
[EEEEEE PO s > . b ] Fos .
b X frequencies b 5 frequencies

Figure 5.3: Two possible schemes of generation of MO frequencies

It should be reminded here that phase noise levels were not specified for these signals in

the requirement document and no data is available on required phase jitter of these signals.
Nevertheless it is shown below how to obtain possibly good performance of these signal
sources.
The 27 MHz signal can be obtained either by multiplication of 9 MHz x 3 or by division of 81
MHz by 3. It was assumed that 27 MHz should not be obtained by phase locking of 27 MHz
VCXO to the 9 MHz signal but by the use of a frequency multiplier. The reason is that the
precise value of 27.08333 MHz is not a standard value and a custom (expensive) VCXO
should be used. Since there is no data on the required phase stability of the 27 MHz signal it
can be assumed that this stability is not critical and there is no need for using state-of-the-art
devices. A good quality x 3 frequency multipliers operating in this frequency range can be
purchased.

Phase noise spectrum of 27 MHz signal calculated for both schemes is shown in fig. 5.4.
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The phase noise levels of 9 MHz and 81 MHz signals are taken from fig. 5.2b. When a
frequency multiplier is used, the phase noise level of the 9MHz OCXO signal is increased of
20-logio3 = 9.54 dB. When a frequency divider is used, the phase noise level of the 81 MHz
signal is decreased of 9.54 dB (eq. (3.25)). As it can be seen in fig. 5.4, for offset frequencies
up to 100 Hz (loop bandwidth of the 81 MHz PLL), both phase noise spectra are comparable.

For higher offset frequencies the phase noise levels of the signal obtained by frequency
division is significantly lower than that of the signal obtained by frequency multiplication.
These levels are even lower than the OCXO phase noise levels! This is because the phase
noise of the 81 MHz VCXO for high offset frequencies is comparable with the OCXO phase
noise and the frequency divider reduces the phase noise level. Naturally, the phase noise level
of the 27 MHz signal is also dependent on the frequency divider intrinsic noise, which can be
higher than -172 dBc/Hz in available devices. This must be verified by measurements.

Besides 27 MHz, (below 81 MHz) there are also frequency values of 13.5 MHz, 9 MHz,
and 1 MHz to be distributed by the PRDS. It was decided that these signals should also be
obtained from 81 MHz signal.

The use of frequency dividers for obtaining 9 MHz, 13.5 MHz and 27 MHz signals
from 81 MHz is also advantageous for the relative phase jitter At between these signals and
the 1.3 GHz signal. This was explained above, with the help of fig. 5.3, for 81 MHz signal
and it is an important conclusion because the instabilities in the PRDS should be measured
against the phase of the 1.3 GHz signal.

The 108 MHz signal can not be obtained by multiplication of 81 MHz by integer
number. Therefore it was decided that a 108 MHz phase-locked VCXO will be used. The PLL
synthesizer will be of the same construction as for the 81 MHz signal but, of course, the 9
MHz OCXO frequency must be multiplied by 12.

[ —TT T
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Figure 5.4: Phase noise levels of 27 MHz signal obtained by multiplication of 9 MHz
OCXO and division of 81 MHz locked VCXO frequency

The 50 Hz TTL signal will be obtained from 108 MHz signal by a Direct Digital
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Synthesiser (DDS) [36, ch. 4], [16].

Last two frequencies specified in table 4.1 of 1517 MHz and 2856 MHz are required at
single locations in the FLASH facility. These locations are respectively over 40 and 100 meter
away from the location of the MO system. Because of significant cable attenuation at these
frequencies, it was decided that these signals will be obtained locally from the 81 MHz signal,
at devices requiring these frequencies. Fractional-N frequency synthesizers [17, ch.5] were
foreseen for generation of these frequencies.

* Master Oscillator System architecture

Besides frequency generation scheme, there are several other issues that should be
considered in the development stage of the MO. As it was written at the beginning of this
chapter, the MO system should be assembled in crates adapted to the 19 inch standard.
Besides the reference oscillator and other devices used for obtaining necessary frequencies,
there is a number of subsystems that should be incorporated in the MO, e.g. power supply
circuits, signal power level monitors, signal phase monitors and power amplifiers. The latter,
as it will be calculated in chapter 5.2.3, should deliver significant output power levels in order
to assure required power level at PRDS outputs in the entire FLASH facility. Therefore the
power amplifiers will be relatively large devices requiring big heat-sinks. There is also a large
number of 81 MHz and 1.3 GHz signal outputs required for the MO system. Therefore a
significant number of power splitters and directional couplers will have to be used.
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\ ‘ | I
., PLL \ (R O D > 1.3 GHz
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Figure 5.5: Block diagram of the MO system

All factors described above make it impossible to fit the entire MO system into one 19
inch crate. The system must be split into several crates. The block diagram of the MO system
is shown in fig. 5.5. It was decided that the OCXO and all frequency multipliers and dividers,
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except 1.3 GHz PLL, will be placed in one crate called Low Power Part (LPP). Since the 1.3
GHz PLL is one of the most critical parts in the system, and new types of devices appear
frequently in the market, it was decided to make additional crate with this PLL. If a new,
better than actually used solution appears, it will be easy to replace the crate without
rebuilding the entire MO system. The 1.3 GHz signal is amplified within the 1.3 GHz Power
Amplifier module, which assures sufficient power level for signal distribution in the entire
FLASH facility. The amplified signal is split within the 1.3 GHz Distribution Box, which
contains a network of directional couplers and power splitters. The purpose of the 1.3 GHz
Distribution Box is to provide sufficient number of outputs for all distribution links.

The 81 MHz signal is amplified and distributed similarly to the 1.3 GHz signal. More
detailed description of MO system components is given in following sub-chapters. There are
also briefly described technical issues that have very important influence on the signal
stability.

5.1.4. Low Power Part details

The design of the MO LPP was a very long and difficult process. Besides proper choice
of PLL and frequency divider parameters, there were many technical and engineering issues
that had to be considered to make sure that the performance of signal sources is optimal. Most
important of these issues are described in the remainder of this chapter. Issues less important
from the point of view of the main considerations of this thesis are given in appendix 1.

* Construction of the 81 MHz and 108 MHz PLL

One of the first issues to be considered is the power level provided by the MO devices.
As it will be calculated in ch. 5.2.3, the power level of the 81MHz signal required at the
output of the power amplifier should be equal at least +40 dBm. A custom, low phase drift
and high linearity power amplifier was developed with power gain of 20 dB. The power level
of +20 dBm must be provided to the input of this power amplifier from the 81 MHz PLL. The
81 MHz signal from the VCXO is also used for frequency dividers and 1.3 GHz PLL input
(fig. 5.5). This signal should also be provided to power level monitoring circuit and to
minimum one spare output for future use (both not shown in fig. 5.5). Therefore a gain block
with output power of 26 dBm was used at the VCXO output. Attention was put for the gain
block and the high power amplifier to avoid working near the 1 dB compression point. By this
the amplifiers were operating in linear region and a rise of signal harmonics was avoided.

The block diagram of the 81 MHz PLL is shown in fig. 5.6. The power amplifier and
power splitter were built into the feedback loop. Any phase drifts and other instabilities slower
than the loop bandwidth appearing in these devices can be suppressed by the feedback loop.
This is a solution assures that all following devices will be synchronized to the 81 MHz
signals with the same phase.

Similar solution as shown in fig.5.6 was used for the 108 MHz PLL. There is also an
amplifier and power splitter built into the feedback loop.

* Frequency dividers

As decided above, frequency values of 27 MHz, 13.5 MHz, 9 MHz, 1 MHz are obtained
by dividing the frequency of 81 MHz signal (fig. 5.5). Programmable, digital frequency
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divider chips® with output signals in ECL standard were used in the LPP.

Power
Phase Loop Power Splitter
Detector Filter VCXO -
9 MHz -
ref‘erence E— . 81 MHz Z 4 x 20 dBm
signal >
——
Frequency
Divider
9

Figure 5.6: The 81 MHz phase locked loop

These chips are characterised with a low phase noise level in the output signal. A level of
-153 dBc/Hz at 10 kHz offset frequency® is given in the device datasheet. Phase noise
spectrum given by the manufacturer of the divider is shown in fig. 5.7.
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Figure 5.7: HMC394 frequency divider phase noise
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The block diagram of the frequency divider circuit used in the LPP is shown in fig. 5.8.
The same design was applied for all frequency dividers in the MO system.

Frequency
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next divider

Figure 5.8: Frequency divider system

Output signal of the frequency divider chip is low-pass filtered and amplified. This type

28 HMC394, manufactured by the Hittite company.
29 For input frequency equal 1 GHz and N equal 4.
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of frequency divider produces pulsed output signal with pulse duty-cycle inversely
proportional to N. The higher N, the smaller the duty-cycle. The power of the output signal
decreases quickly with N and it is advisable to use as low N values as possible. Therefore 1
MHz and 13.5 MHz signals are obtained with the use of two frequency dividers connected in
series. E.g. the 13.5 MHz signal is obtained by dividing 27 MHz by N = 2. The duty-cycle of
the divider output signal equals 50%. Higher value of duty-cycle makes it possible to use
buffer amplifier with lower gain and therefore potentially with smaller influence on the signal
phase stability.

8IMHz 1 f 1ol 13l |4 |s| |6 [7] [8] [9o [1d |11
signal

[ [ [
27 MHz | |
signal Jll

One period dela

Ll Sl

Figure 5.9: Possible phase delays between output signals of various dividers

There is a feature of digital frequency dividers which may be very important for the
PRDS performance. The output signal of such device is produced by counting periods
(pulses) of the input signals and generating one output pulse after each N input pulses. After
switching the power supply, the pulse counting begins with arbitrary delay depending on the
circuit parameters and actual state of the input signal. Therefore the zero-crossings®® of output
signals of different dividers can be delayed by integer number of input signal periods. This is
explained in fig. 5.9.

The 81 MHz input signal and output signals of 27 MHz (: 3) and 9 MHz (: 9) frequency
dividers are shown. For simplicity all signals are drawn as rectangular. The 81 MHz signal
pulses are numbered in the figure. The 9 MHz divider started counting one 81 MHz signal
period after the 27 MHz divider. The delay between rising edges of both signals is shown.
Such delay is not a problem for the FLASH system, until it is constant. Timings in the
FLASH system are adjusted during system start-up. Short break in the divider power supply
(e.g. for maintenance issues) may result in a change of delay of divider output signals and it
may yield a necessity of time consuming readjustments of the FLASH timings. To prevent
such events, the reliability of the MO system should be high. Therefore it was decided that the
MO system will be powered from battery based power supply, which can supply the MO for
several hours when a problem with the network power occurs. This solution should minimize
probability of switching the MO system off.

More system level technical details of the LPP design are described in appendix 1.
Technical design issues of the MO subsystem like parameters of used VCOs and PLL filters
can be found in the report thesis [60].

30 Zero-crossings in case of sinusoidal signals. Rising edges in case of rectangular signals
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5.1.5. Power supply, temperature stabilisation, crate cabling

Most important issues not related directly to the signal generation chain but having
important influence on the stability of generated signals are briefly addressed below.

* MO System power supply

The power supply used for the MO System has a very important influence on the
stability of the generated signals. Amplitude noise from the power supply voltage can affect
the phase noise of the signal in devices like oscillators and amplifiers. The 50 Hz power
network frequency and its harmonic can appear in the phase noise spectrum as spectral lines.
These lines significantly decrease the signal phase stability. Therefore a battery based power
supply for the MO System was developed. The most important advantage of such solution is a
very low noise and absence of 50 Hz lines in the supply voltage. As it was mentioned above,
the battery can supply the MO System for few hours when the network power is switched off.
Continuous MO operation is important for the FLASH facility because of necessity of phase
adjustments in the accelerator system after start-up of the MO System.

* Temperature stabilisation of MO components

Temperature is a critical factor for the long term phase stability of the MO System
signals. Measurements have shown that most of active system components (PLLs, amplifiers
(chapter 6.1.2), frequency dividers) and also cables, change phase of the signal when the
temperature is changing. Data on the temperature sensitivity is provided very rarely by
manufacturers of electronic devices such as used in the MO system. Therefore theoretical
analysis of this effect was difficult to perform and devices were characterized experimentally.
The general conclusion is that for minimising long term phase drifts a temperature stable
environment for the MO System electronics must be assured.

Therefore a significant effort was put in minimising speed and range of temperature
changes. All active circuits in the signal generation chain were built into thick aluminium
boxes. All boxes were fastened to a massive aluminium plate. Such mechanical set-up closed
in tight 19 inch crate shows large thermal inertia. Therefore relatively fast signal phase
changes caused by fast ambient temperature changes (were observed after opening door or
window of the laboratory) were minimized. Low thermal resistance and significant thermal
capacitance of the system plate also assures equal heat distribution within the crate.
Furthermore the MO System was planned to be installed in the FLASH facility within a
temperature controlled chamber. Temperature will be stabilized with accuracy of +0.5 °C.

* Cables in the MO system

There are many connections that had to be made between MO subsystems, between 19
inch crates as well as inside of each crate. During first test of the MO system components it
was found that mechanical properties of cables and connectors have large influence on the
phase of transmitted signals. Simple measurements performed with a phase detector have
shown that when flexible coaxial cables with SMA connectors are used for interconnections,
phase jumps occur randomly. The amplitude of these jumps for 1.3 GHz signal reached level
of several pico-seconds (usually 2 -3 ps) in time domain. It was observed that such jumps
occurred even during gentle knocking by hand on the laboratory table. Tests were also
performed in a climate chamber. Phase jumps were observed in periods when chamber
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compressor was switched on. It generated lots of mechanical vibrations. These experiments
confirmed that the reason of phase jumps is a cable or connector sensitivity to mechanical
vibrations. Fortunately, it was found also that this problem disappears when semi-rigid cables
are used for interconnections. Therefore the cabling of the entire MO system was made with
such cables.

5.2. Coaxial cable system

As it was decided in chapter 4.3, that signals generated within the MO System should be
distributed over the FLASH facility with the use of RF coaxial cables. The system of cable
links with all necessary devices like connectors and power splitters is the distribution part of
the PRDS. Considerations on the design issues and performance analysis of the cable
distribution system is described in this chapter.

5.2.1. Choice of cable type and other issues of cable distribution link

The coaxial cable is a coaxial transmission line surrounded by an insulating jacket that
protects the line against environmental factors. Such transmission line consists of two
concentric conductors separated by a dielectric material. The material may be continuous
throughout the line (so called rigid coaxial lines [13]) or located at distinct points along the
line in the shapes of “pegs” or “discs”. Electrical parameters of a coaxial line depend on the
size of conductors and on the properties of the dielectric material.

Proper choice of cable type is a key decision for the signal distribution system. Most
important issues that must be considered are: frequency of operation, power handling,
attenuation, sensitivity of electrical length to temperature changes, characteristic impedance,
mechanical properties (e.g. size and weight impinging on the cable handling and installation)
and cable installation costs. Most important of these issues are addressed below.

* Cable characteristic impedance

There are two most frequently used characteristic impedance values of coaxial cables:
50 Q and 75 Q. The 75 Q standard is used mainly for broadcasting of television signals. It
was decided that the 50 Q impedance standard will be used for the PRDS because this
standard is used for high frequency and microwave applications and there is broader choice of
a good quality devices (e.g. power amplifiers, directional couplers, connectors) in this
standard available in the market.

* Cable attenuation

Cable attenuation is a key parameter for the PRDS used for an accelerator facility
because of significant distribution distances. Attenuation is inversely proportional to the
diameters of inner and outer conductors and it is proportional to signal frequency [13], [21,
ch. 3.2.1]. Therefore the thinner the cable and the higher the signal frequency, the higher is the
cable attenuation.

Attenuation is expressed in terms of loss per unit length, e.g. dB/100 m. Attenuation
values (and other parameters) for cables selected of available in the market are collected in
table 5.4.

The attenuation of ' inch cable at 1.3 GHz exceeds 22 dB / 100 m. Because of such
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high attenuation using this cable for distribution distances reaching 300 meters is impractical.
The attenuation at the same frequency for 2 inch and /s inch cables is much lower. For the
latter it is below 5 dB / 100 m, which would give approximately 15 dB / 300 meter. This is an
acceptable value. But it must be remembered that the attenuation of the cable is an important
but not only contributor to the total attenuation value of the distribution link. There are
significant losses in connectors and other devices used in the cable link. Example calculations
of the total attenuation and a power budget of a cable link will be presented in chapter 5.2.3.

Table 5.4: Parameters of selected coaxial cable types

DIAMETER 1/4” 1/2” 7/8”
CABLE FSJ1-50A% | LCF12-50J" | FSJ4-50B* | HJ5-50* | LCF78-50J°
Attenuation [dB/100m]

1 MHz 0.57 0.21 0.32 0.11 0.11

9 MHz 1.75 0.60 0.80 0.35 0.30

81 MHz 5.40 1.90 2.50 0.90 0.90

108 MHz 6.13 2.24 3.55 1.26 1.19

1300 MHz 22.50 8.15 14.00 4.90 4.70

3000 MHz 35.60 13.20 22.40 7.96 7.38

Phase/Temp coefficient
-30 to +40°C [ppm/°C]
Signal velocity [% of c] 84.0 88.0 81.0 91.6 88.0

# Cable manufactured by the Andrew Corporation; * Cable manufactured by the RFS

-7 to +9 +11to-0.3 -2 to +6 +5to +11 +9 to -0.5

* Cable sensitivity to temperature changes

The next important cable parameter is the temperature sensitivity of the cable electrical
length. This phenomenon was explained in chapter 3.4.6. Signal phase drifts induced by the
cable temperature changes are the main factor limiting the long term stability performance of
the PRDS. Therefore a cable with the smallest value of the electrical length temperature
sensitivity coefficient Kr (see chapter 3.4.6) should be used in the PRDS.
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Figure 5.10: Temperature coefficient of electrical length of the LCF12-50J 1/2 inch cable
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Figure 5.11: Temperature coefficient of electrical length of the LCF78-50J 7/8 inch cable

Typical values of the Kt of selected cable types are shown in table 5.4. The plots of the
K7 against temperature are available for two of these cables. These plots are shown in fig.
5.10 (V4 inch cable) and fig. 5.11 ("/s inch cable).

It is interesting that the temperature coefficient of the /s inch cable is very low (+1 to -1
ppm/°C) in the temperature range of +10 to +40 °C (temperature in the FLASH facility is
expected to vary within this range). The value of the temperature coefficient of this cable
equals zero at T = +33 °C. The '2 inch cable exhibits a little broader range of temperature
coefficient values. The Kt equals zero at T = +38 °C. With the use of such cables one can
obtain distribution links with very low values of phase drifts. One can also consider applying
a stabilisation of the cable temperature at about +33 or +38 °C. This way it is possible to
realize an almost drift free distribution link.

It was decided that the the LCF78-50J, 7/5s inch cable will be used for the distribution of
1.3 GHz signal. The type of cable was chosen because of a low value of temperature
coefficient as described above. The diameter was chosen because of acceptable attenuation
(about 4.7 dB/100 m).

As it was described in the previous chapter, experiments were planned for future
applications like XFEL and ILC PRDS. For such long distribution links it may be reasonable
to distribute 81 MHz signal and multiply the frequency up to 1.3 GHz locally at distribution
destinations. Additional cable link was foreseen for this purpose. The LCF78-50J, /s inch
cable type was also used for distribution of the 81 MH signal even though the attenuation of
the 2 inch cable would be sufficient at this frequency. A performance comparison was
planned between both types of distribution (1.3 GHz and 81 MHz with frequency
multiplication).

The LCF12-50], 2 inch cable was chosen for distribution of all remaining signals.

Calculations of expected values of phase drifts in cables installed in the FLASH facility
are given in chapter 5.2.4.

After choosing the type of the cable there are many other issues that must be considered
carefully before the final design of the distribution line will be accomplished. These issues are
briefly addressed below.
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* Connectors

There are many connector types available for high frequency applications.
Considerations were narrowed down to popular types that have also been frequently used in
DESY for the RF systems. From among them there are two connector types that fit to the
PRDS purposes: “SMA” and “N”. The SMA connectors should not be used for the thick, rigid
coaxial cables. PRDS cables will be installed in the FLASH facility on cable trails with many
other cables. Changes in cabling will be performed frequently, especially in the accelerator
development and installation stage. Moving cables may cause mechanical stress on the
connectors which may lead to damages or uncontrolled signal phase changes.

Because of their mechanical robustness, the N type connectors seem to fit well for the
PRDS purposes. It was also found experimentally that phase of the signal distributed in cables
equipped with N connectors is less susceptible to mechanical vibrations than when SMA
connectors are used. This is a desirable feature.

SMA connectors are used for interconnections within the crates of the MO system. As it
was described above, semi-rigid coaxial cables with SMA connectors assure good quality of
connections.

* Signal pick-up points

Considerations on the PRDS architecture choice are described in chapter 4.2.2. The
distribution line with pick-up points located along the FLASH facility was chosen. It is
possible to use either power splitters or directional couplers for picking up the signal from the
distribution cable.

It is advisable to use directional couplers in the distribution line because the main line
loss is typically within the range of 0.2 — 1.0 dB. The loss of a two-way power splitter is equal
a little bit more than 3 dB. Therefore the signal power level in the coaxial cable would be
decreased of minimum 3 dB after each pick-up point. It can lead to too high power loss when
many pick-up points are installed along the distribution line.

Second advantage of the directional coupler is a broad range of available coupling
values. Directional couplers with decreasing coupling value can be used successively along
the distribution line to compensate for the decrease of signal power level caused by coaxial
cable loss. In this way equal power levels at each output can be assured.

5.2.2. Cable distribution system layout

The proposed scheme of the cable distribution system is shown in fig.5.12. There are
four locations in the FLASH system that require precise synchronization with 1.3 GHz signal:
so called “injector area” in Hall 3, including LLRF control racks shown in fig.5.12, New
LLREF control racks, EOS, and Experimental Hall.

Many devices are located in the injector area, in LLRF control racks, in the vicinity of
the MO. They will be synchronized with the use of short, thin cable links of length not
exceeding several meters. These links are not shown in fig. 5.12.

Two main distribution lines are planned from the MO to New LLRF control racks and
to the Experimental Hall. Signals to the EOS will be provided from the Experimental Hall
line. Each line contains three cables with 9 MHz, 81 MHz and 1.3 GHz signals. There is one
more cable with 108 MHz signal in the Experimental Hall line. Distribution of three
frequencies to each important location is an excessive solution but, as described above, it was

81



5. FLASH phase reference distribution system details

intended to consider and test different signal distribution schemes that may be used for longer
distances which will exist in the XFEL and ILC.

Besides the main distribution destinations there are many auxiliary locations where the
stability of the signal is not critical or where the distributed signal will be used sporadically,
for test purposes. An example is the cable 1 with 1.3 GHz signal. Many pick-up points were
foreseen along this cable. Similarly the cable 4 which provides 1.3 GHz signal to klystrons.

There are also connections from cable 1 and cable 5 to the New LLRF racks. The
intention of this arrangement is to create a possibility of comparing phase difference between
signals distributed by two different cables of the same type, e.g. cable 1 and cable 2.

For transparency of fig. 5.12, distribution lines to New LLRF racks and to Experimental
Hall are drawn separately, but they were installed side by side in the accelerator tunnel.
Therefore connections made by cable 1 and 2 from MO to New LLRF racks should be of the
same length and in the same environmental conditions. But cable 1 contains many pick-up
points. By measuring signal phase difference between these cables, the influence of pick-up
point on the signal stability in cable 1 can be studied experimentally.

It can be noticed that the topology of the system shown in fig. 5.12 corresponds neither
to star type nor to line with pick-up points. It is a mixture of both types. It results from the
layout of the FLASH facility, necessity of distribution of signals with various frequency
values and from described excess of the system planned for test purposes.

There are also three fiber-optic cables shown in fig.5.12. They have create the optical
distribution link described in chapter 5.3.
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Figure 5.12: Schematic diagram of the cable distribution system in the FLASH facility
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5.2.3. Power budget calculations

In order to find power level at output and required power level that should be provided
by the MO System to the input of each link, power budget calculations must be performed for
cable links. An example of such calculations for the most complicated (cable 1) link in the
FLASH PRDS is shown below.
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Figure 5.13: Detailed schematic of the "cable 1" link

Detailed schematic diagram of the “cable 1” link is shown in fig 5.13. Cable segments
with approximate length separated by directional couplers are shown. Following data was
used for calculation of 1.3 GHz signal attenuation:

- cable attenuation equals 4.7 dB/100 m ("/5 inch, see table 5.4),
- directional coupler main line loss equals 0.25 dB,
- connector loss equals 0.25 dB*'.

The approximate cable length in all sections equals 291 m. This yields cable attenuation
of 13.7 dB. Power loss in 9 directional couplers equals 2.25 dB. Power loss of 20 connectors
equals 5 dB. Together, the link loss equals about 21 dB. But there are four outputs required in

31 Worst case loss taken from connector datasheet. Typical value is lower.
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the Experimental Hall. A 4-way splitter causes signal power level decrease of about 7 dB.
Therefore the attenuation from the beginning of the cable to the power splitter output equals
about 28 dB.

In order to obtain minimum power equal to +10 dBm at each output of the power
splitter, the power level delivered from the MO System must be minimum +38 dBm. A value
of +40 dBm was specified for safety margin.

Taking into account this requirement, the necessity of delivering 1.3 GHz signal power
to other cables (fig. 5.12) and losses in components of the 1.3 GHz distribution box (fig. 5.5),
the value of +44 dBm was specified for the output power level of the 1.3 GHz Power
Amplifier.

It should be noticed that the coupling value of all directional couplers shown in fig. 5.13
equals 20 dB. The only exception is the last directional coupler in the distribution line with
the coupling value of 10 dB. This directional coupler is located about 270 meter away from
the MO. The link attenuation from MO to this coupler equals about 20 dB. With a coupling
ratio of 10 dB, coupled signal power level of above +10 dBm was assured.

Similar calculations were performed for all cable links in the PRDS. The power level of
each frequency signal delivered by the MO System was specified basing on these
calculations.

5.2.4. Cable temperature regulation, phase drift calculations

One of the most important calculations performed in the design stage of the cable link is
estimation of signal phase drifts values in cables. Example of such calculation was described
in chapter 4.3, (page 64) for a 300 meter long link and for typical value of the electrical length
temperature coefficient.

More detailed calculations may be performed now, after the cable type is known. As
results from fig. 5.10 and fig. 5.11, the temperature coefficients of chosen cables are lower
than assumed in chapter 4.3. The temperature in the FLASH facility changes usually between
3 °C and 5 °C per day, depending on the weather conditions and the season of the year. Let us
assume that the mean temperature value in the FLASH facility changes between +15 °C and
+20 °C over a day. The mean value of the temperature coefficient of the ’/s inch cable in this
temperature range (fig. 5.11) equals about 1 ppm/°C. For the 2 inch cable it equals about 5
ppm/°C. Phase drift values calculated for both cable types with assumptions given above are
collected in the fifth column of table 5.5. The long term stability requirement for the PRDS of
10 ps per day (table 4.2, before 2006) is fulfilled by the ’/s inch cable. The same requirement
is not fulfilled by the 2 inch cable — in this case the phase drift of the signal in the link to
Experimental Hall may be equal to 27.46 ps per day.

There are hours (morning and late afternoon) where the temperature changes may reach
rates up to 1.5 °C per hour. Expected peak values of phase drift per hour are collected in the
sixth column of table 5.5. The requirement of 2 ps per hour (table 4.2, before 2006) is
fulfilled by the /s inch cable in all links and by the % inch cable only in link “10” (70 meter
long). Maximum drift value of 0.75 ps per hour (required after 2006) is assured only by 110
meter long "/s inch cable.
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Table 5.5: Peak values of phase drift calculated for most important cable links in the FLASH facility

1 2 3 4 5 6 7
ADDrox No cable temp. | No cable temp. Cable temp.
g)ble ’ Cable Cable stabilisation, stabilisation, stabilised,
Destination lensth No Diameter | phase drifts per | phase drifts per | phase drifts for
[ngﬂ . linch] |day for AT =5C |hour AT=1.5°C| AT=+0.5"C
[ps] [ps] [ps]
: 1,5,13 7/8 5.49 1.65 0.22
Experimental 290
Hall 15 12 27.46 8.24 1.10
1,5 7/8 2.84 0.85 0.11
EOS 150
8 1/2 14.20 4.26 0.57
New LLRF 1o 2,6 7/8 2.08 0.63 0.08
racks 9 172 10.42 3.13 0.42
Klystron 4-5, 4,7 7/8 1.33 0.40 0.05
TTF control 70
room 10 1/2 6.63 1.99 0.47

It was decided in chapter 4.3 that the temperature of distribution cables should be
stabilized. This decision was based on phase drift calculations with typical cable parameters.
Results presented in table 5.5 show that requirements on the per day phase stability value
could be fulfilled without temperature stabilisation when the ’/s inch cable is used.
Nevertheless, requirements are violated by links made with the 2 inch cable. It was also
assumed that it may be reasonable to make distribution links with long term phase stability
significantly better than required. Therefore a temperature stabilisation system was installed
on the cable links. Temperature will be regulated with accuracy of +0.5 °C. More details on
the temperature stabilisation system are given in Appendix 2. It is important that with the
temperature stabilisation, maximum values of phase drift per hour should be the same as
maximum values of phase drifts per day.

Maximum values of phase drift expected in distribution links with temperature
stabilisation are collected in the last column of the table 5.5. These values are significantly
lower than required (table 4.2). E.g. phase drift in the longest link is over 45 times (10 ps /
0.22 ps) lower than required per day. This result may be important because phase drifts may
appear in other components of the PRDS, especially in active devices. Such small drift values
assured by the coaxial links leave a safety margin for other components.

5.3. Fiber-optic long distance distribution link

5.3.1. Introduction

Three different types of distribution links were distinguished in chapter 2.1: passive,
stabilized and active. The coaxial cable distribution system with cable temperature
stabilisation (described in previous chapter) is an example of stabilized link. Signal phase is
stabilized indirectly by keeping the cable temperature constant.
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As it was described in the previous chapter, requirements on the long term phase
stability in the distribution line could be fulfilled in typical conditions by most of designed
cable links without cable temperature stabilization. Nevertheless, temperature stabilisation
was applied for assuring that phase drifts would not exceed permitted levels in the case of
exceptional temperature variation in the accelerator environment. It also results in significant
phase drift suppression which makes the distribution line a very good phase reference.

As it was mentioned in preceding chapter, the FLASH PRDS is treated as an
experimental “field” for the XFEL and ILC PRDS. Therefore experiments are planned that
could verify performance of distribution links over distances reaching 15 km. Unfortunately,
the longer the distribution distance, the bigger effort must be made in order to maintain phase
drift values within required range. In a case of stabilized link, the required accuracy of
temperature stabilization increases with the increase of link length. E.g. for link length of
about three kilometres, the temperature of a cable should be stabilized with accuracy of +0.43
°C*? in order to prevent exceeding maximum phase drift value of 10 ps. Obtaining such
accuracy of temperature stabilization over such length is possible but may be expensive. If the
distribution distance would be 10 km, then the required accuracy of temperature stabilisation
should be +0.13 °C. This may be impossible or at least impractical and very expensive for
such long distance.

For such cases it may be helpful to consider distribution links with active phase
stabilisation. Examples of such links were described in chapter 2.1. When distribution
distances exceed several kilometres, the best distribution media, because of low attenuation,
seems to be Fiber-Optic (FO) cable.

A long distance signal distribution link with active phase stabilization, based on fiber-
optic techniques, were developed. This link was intended to be tested in the FLASH facility
for use in projects like XFEL and ILC. Because excellent performance of this link was
achieved, it can also be used for phase drift monitoring of the coaxial cable distribution lines
of the FLASH PRDS. The conception and design of this link is described below. Experimental
results are given in chapter 6.2.

5.3.2. System conception

The conception of the phase stabilization system is similar to the optical part of the
NLC PRDS described in chapter 2.5. A fiber-optic link scheme was shown in [33, fig. 4]. It
was a relatively complicated system with amplitude modulated light pulses distributed in the
FO cable. It was decided by the author of this thesis that a simplified version of such
distribution link suited to the needs of the TESLA technology should be built and tested.

It was intended to build a low phase drift, long distance link which could be used for
distribution of continuous wave (CW) RF signals covering the frequency range of designed
PRDS. Naturally, the most important frequency is 1.3 GHz but the FO system should be
adapted to transmission of signal frequencies between 9 MHz and 2.85 GHz. It will be useful
for test purposes, e.g. monitoring of phase drifts in coaxial cable links at various frequencies.

A block diagram of designed FO link is shown in fig. 5.14. The RF signal from the
Master Oscillator is used to modulate the light amplitude in the laser transmitter (FO Tx).
Modulated light is transmitted to the FO cable (called long link). An adjustable FO phase

32 When the 7/8 inch (LCF78-50J) cable is used
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shifter is connected in series with the FO cable. The end of the long link is terminated with a
mirror. The optical signal travelling through the entire link is reflected in the mirror and it
returns the same way back to the optical circulator and further to the optical receiver A (called
“FO Rx A”). Part of the optical signal is delivered to the optical receiver (FO Rx B) by a
directional coupler located near the mirror. The optical signal is demodulated in the FO Rx B
and obtained RF signal is provided to the output of the link.

Input

. - : Mirror
Long Link <
Slgr)lal N DFB Laser Circulator » Phase shifter ’ CDirecltional —=
FO Tx () e
‘ A ‘
FO Rx FO Rx

A B

Controller i
Phase Link output
Detector

| Error Voltage

Figure 5.14: Conceptual block diagram of the long-distance fiber-optic link

The difference between the phase of the input signal and the phase of the signal that
travels twice throughout the entire link is measured by the phase detector. It can be assumed
that the transmitted and reflected optical signals propagate with the same speed (system
symmetry). It is true for most of standard optical components in the link, especially the fiber-
optic cable. It can be stated that cable temperature changes affect the signal phase
symmetrically (in both propagation directions) in the distribution fiber. Therefore the error
voltage obtained at the output of the phase detector is carrying a precise information about the
phase change in the long link. The phase change against the MO signal observed at the FO Rx
A is twice as much as the phase change observed at FO Rx B.

The error voltage from the phase detector is used to adjust the phase length in the FO
phase shifter. The phase error (error voltage) is decreased by means of a feedback loop. If the
phase shifter used in the feedback loop also affects the signal phase symmetrically, the signal
phase is stabilised at the mirror by holding the level of the detector's output voltage constant.
In other words, the phase of reflected signal is kept stable. By this any “symmetrical” phase
error that appears in the long link can be suppressed.

Naturally, long link signal phase changes slower than the feedback loop reaction are
suppressed. As it will be described in further parts of this thesis, components used in the
feedback loop (mainly the relatively slow optical phase shifter) limit the system reaction to
long term phase drifts caused mainly by temperature changes. There are possibilities speeding
up the feedback system reaction. But, as it was shown in chapter 3.4.8, the intrinsic phase
noise level of optical links (realized in currently available technology) is relatively high and
such link can not be used directly for transmission of low phase noise signals. A use of a
phase-locked VCO is necessary at the output of the link in order to improve the far-of-carrier
phase noise level. Such solution takes the advantages of both, long term phase stability of the
FO link and good phase noise performance of the VCO.
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It must be noticed that the signal phase is stabilised only at the mirror and the input of
the FO Rx A. The phase stability at locations distant from the mirror is not warranted. Local
phase changes (mainly due to local temperature variations) of significant values may occur in
the FO cable laid along the accelerator in normal operating conditions. Therefore it is not
recommended to make pick-up points far from the mirror. The proposed feedback scheme can
be used for point-to-point applications only.

An FO system based on the principle shown in fig. 5.14 was successfully designed and
tested. More technical details on the system design are given in appendix 5. Phase error
analysis of the designed link is described in chapter 5.3.4. Most important experiments and
measurement results showing the performance of designed link are described in chapter 6.2.

5.3.3. Optical phase shifter

One of the most critical parts of the FO link is the optical phase shifter (or equivalently:
variable optical delay line). It should be chosen carefully to assure proper operation of the FO
link. Therefore additional attention was devoted to the phase shifter in this chapter.

The optical phase shifter should assure sufficient phase shift range to cover phase
changes in the long link fiber. It also should be electronically controlled for the purposes of
use in the feedback loop. As mentioned above, the frequency response of the feedback loop is
determined by the phase shifter. Therefore it is advisable to use relatively fast phase shifter.

The required phase shift (in terms of a time domain delay) value can be calculated with
the use of eq. (3.55) for given optical fiber type, link length and range of temperature changes
expected in the accelerator environment. A standard SMF-28 fiber with n, = 1.4682 was
chosen for calculations. The value of the termo-optic coefficient given in the fiber datasheet
Kr= 107 (value of 7.5-10° was measured experimentally).

Calculation results are collected in table 5.6. Calculations were performed for maximum
distribution distances expected in the TESLA technology based projects: 300 m for FLASH, 3
km for XFEL and 15 km for the ILC. For information, also a 1 km distance was added to
calculations. Three temperature change ranges were used for calculations: 1 °C for reference,
1.5 °C and 5 °C as assumed, respectively, for peak hour and day temperature variations (see
chapter 5.2.4, table 5.5).

Table 5.6. Phase shift ranges required for various distribution distances and temperature variations

Link Length | Phase drift range | Phase drift range for | Phase drift range for
[km] for AT =1 °C [ps] AT =1.5°C [ps] AT =5 °C [ps]
0.3
(FLASH) 14.7 22.0 73.4
1 48.9 73.4 2447
3
(XFEL) 146.8 220.2 734.1
15 734.1 1101.1 36705
(ILC) ' ’ ’

There are several methods of realizing variable optical delay described in literature. An
overview of most important methods is given in [31]. Number of available phase delay
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realization methods for the purpose of designed FO link is practically limited to three:
1. optical line stretching via piezoelectric effect,

2. introducing a variable “air gap” into the fiber-optic link,

3. change of optical length by changing temperature of a piece of fiber.

The optical line stretching is most frequently realized with a use of optical fiber
wrapped on a cylinder made of a piezoelectric crystal [31, pp.2384], [43]. A diameter of this
cylinder is changed by applying a voltage to the piezoelectric crystal. Mechanical stress
applied to the optical fiber causes a change of the optical delay in the fiber. The main
advantages of the fiber stretcher are a possibility of continuous change of delay value and a
relatively high speed of such device. The frequency response of available fiber stretchers
reaches range of several kilohertz. The main disadvantage is a narrow range of achievable
delays — usually within single pico seconds. Therefore the usage of fiber stretchers is limited
to FO links covering short distribution distances (several tenths of meters).

Second type of phase delay realization is achieved by introducing an air gap into the
fiber-optic link. The principle of most frequently used solution is shown in fig. 5.15. The gap
length between fiber-to-air converters is changed with use of a precise step motor.

Despite that all solutions described in this chapter are used for changing of optical
delay, only the motorized solution is called by manufacturers the Optical Delay Line (ODL).

The maximum delay values achievable in commercial ODLs vary between 100 ps and
660 ps with resolution reaching single femtoseconds. Therefore ODLs can successfully be
used is FO system designed for distribution distances reaching few kilometres.

Fixed fiber-to-air Variable fiber-to-air
converter converter
A S - . OpticalFiber
Base kl=————-"4 Step Motor

Figure 5.15: Principle of realization of motorized optical delay line

The last of proposed methods of realization of variable optical delay is changing of
temperature of a piece of fiber. The effect of phase change in fiber due to temperature
described in chapter 3.4.6 is used. It is the same effect that causes phase drifts in the long link
optical fiber.

Let us assume that the temperature change of fiber of length L is changed by AT. This
causes a phase change in the fiber. To compensate for this phase change, the temperature of a
fiber of the same length inserted in series with the main fiber should be changed by —AT. It is
easily achievable in practice by inserting a spool with fiber into a temperature controlled
chamber. Virtually every value of optical delay can be obtained with this method. It depends
only on the length of a fiber and on the value of temperature change. Naturally, the limiting
factors are the fiber attenuation (link gain), link noise and nonlinear effects in fiber like
dispersion limiting the performance of distributed signals. Nevertheless, compensation of of
phase drifts in distribution links reaching length of 20 km is achievable without significant
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degradation of signal performance. The main drawback of this type of phase shifter is a
relatively large inertia of a fiber spool leading to difficulties with designing high gain (low
phase error) controllers for the feedback system (as shown in fig. 5.14).

Comparison of phase shift ranges achievable by optical phase shifter types described
above with required phase shift values collected in table 5.6 yields a conclusion that the
motorized ODL can successfully cover the FLASH distribution distances. For the XFEL it
may be necessary to use a custom designed ODL (extended phase shift range) or a spool with
fiber inside of a temperature controlled chamber. Use of the latter solution is necessary for
distribution distances required for the ILC project.

The FO system prototype was designed and tested with both ODL and a fiber spool in
the temperature controlled chamber. More details on phase shifter used in experiments are
given in Appendix 3.

5.3.4. Considerations for sources of errors

Most important sources of phase errors in designed FO system and their influence on
the output signal phase stability are analysed in this chapter. A part of these considerations
was published by the author of this thesis in [2-A] and [3-A].

* Phase drifts in active components of the FO system

Significant phase drift values may appear in components of the feedback system shown
in fig. 5.14. Especially the optical transmitter and receivers are sensitive to temperature
variations. Output voltage changes with temperature may also appear in the phase detector
even when perfectly stable signal phase difference is present at its input. Phase drifts
appearing in these components may appear in the output signal of the FO system because
these components are located asymmetrically in the feedback loop.

Let us assume first that phase drifts appear only in the FO transmitter. A simplified
block diagram for phase error analysis is shown in fig. 5.16. Symbols Ap with suitable
indexes were assigned to corresponding phase errors.

Aq) Tx Aq) PS A ¢
N N\ Phase LL e
- FOTx / Shifter @ —l e
A
Ad Long
Phase A i AP =0.5A
" Detector [ Link ¢°‘“ ¢TX
| Error Voltage

Figure 5.16: Simplified FO link block diagram for analysis of the transmission of phase drifts in
the FO Tx to the output of the link

The phase error 4@z appearing in the transmitter propagates to the output of the link.
The same error is reflected in the mirror and it appears as A¢, at the input of the phase
detector. An error voltage proportional to this value of phase drift is obtained at the output of
the phase detector. The feedback system reaction is the adjustment of the phase length in the
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link by the phase shifter to make the error voltage equal to zero (make 4p, = 0). But the phase
of the optical signal travelling to the end of the link and back is adjusted twice by the phase
shifter. Therefore after correcting for -4¢, at the input of the phase detector, the phase change
in one direction equals -0.54¢,. This value is appearing in the output signal of the FO link.

Similarly, the phase error appearing in the FO Rx A is corrected by the feedback loop
and half of this error appears at the output of the link. Also when the output voltage of the
phase detector is sensitive to temperature changes, the reaction the feedback loop is a
correction of this “virtual” phase error. This error is also suppressed two times on the same
principle as described above.

It is an important conclusion that the phase drifts appearing in the FO Tx, FO Rx A and
in phase detector are suppressed with a factor of two by the feedback loop

Phase errors appearing in the FO Rx B can not be suppressed by the feedback because
this receiver is located outside of the loop.

* Qutput signal phase drifts due to circulator crosstalk

The crosstalk® between the input port and the return port of the optical circulator used
in the FO system may be a source of significant phase errors in the output signal. Because of
this crosstalk, a part of the optical signal from the FO Tx gets through the circulator to the FO
Rx A — path “A” shown in fig. 5.17. This signal is interfering with a signal that travels through
the entire system mirrored back to the circulator. The result of this interference is a signal
assigned “C”. In a long link, where the optical attenuation is significant, the power levels of
signals A and B may be comparable. Let us examine the influence of this interference on the
phase of the FO link output signal.

Input
i Circulat Long Link irror
Slgr\lal ,| DFB Laser| P » Phase shifter Directional =
1"l FOTx / @) Coupler
B
\ / \
k Forx Y B FO Rx
A B
C Controller i
> Phase Link output

Detector
T Error Voltage

Figure 5.17: Illustration for the calculation of phase error due to circulator cross talk

The phases of signals A and B can have arbitrary values against the input signal phase.
It depends on the optical lengths in the system. The phase of signal C, which is a vector sum
of signals A and B (see fig. 5.18), can also be arbitrary and it is measured by the phase
detector instead of signal B. The angle a of the signal C from the signal B the is the phase
error caused by the crosstalk in the circulator.

33 In some datasheets of optical circulators the crosstalk is referred to as isolation
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Figure 5.18: Illustration to the interference of signals
at the optical circulator

If the phase difference between signals A and B equals 0° or 180° than the measured
phase error a equals zero — this is “the best” case. The worst case is when the phase difference
between signals A and B equals 90° or 270° — then a value of a reaches a maximum, which
equals

x = arctan(ﬂ) 5.1
| B]

This equation is valid for signal amplitudes (voltages). The optical and RF signals are
usually characterized by power in units of dBm. Logarithmic measure is also used for
describing crosstalk and attenuation. Therefore it is convenient to consider signal power
levels.

The power value in linear scale changes with the power of 2 related to the voltage value.

Therefore a following relationship is true in the linear scale
1

| 4] P,\2
= == (5.2)
Bl |\ Py
If the power is given in dBm, the right side of eq. (5.2) substituted to eq. (5.1) gives
|P aasm — P BdBm| % AP ;IBml
— 10 53
® = arctan (10( 10 )) ) = arctan(lO( 2 )) (53)

The maximum angle values obtained with eq. (5.3) for given signal frequency value f
can be converted to phase error in the time domain by

X
! =
360°f (5-4)

Typical values of circulator crosstalk in commercial devices vary between 25 dB and 55
dB. Besides crosstalk value, the power level difference between signals A and B depends also
on the link attenuation®*. For typical components used in the FO system, the attenuation from
the input of the circulator, to the input of the FO Rx A varies between 10 dB and 20 dB.
Therefore the value of AP, may vary in the range -35 dBm to -45 dBm when a circulator
with crosstalk value of 55 dB is used.

Phase error values of the 1.3 GHz signal calculated with eq. (5.3) and (5.4) for various
values of the power level difference between signals A and B are collected in table Btad: Nie

34 The attenuation is a sum of all losses in optical components used in the link: circulator forward and back
paths, phase shifter, long link fiber, mirror, fiber-optic connectors.
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znaleziono zrodta odwotania.

Table 5.7: Maximum error values caused by circulator crosstalk

APgpm [dBm] al’] At [ps] At/2 [ps]
-5 29.35 62.71 31.36
-10 17.55 37.50 18.75
-15 10.08 21.54 10.77
-20 5.71 12.20 6.10
-25 3.22 688 3.44
-30 1.81 3.87 1.93
-35 1.02 2.18 1.09
-40 0.57 1.22 0.61
-45 0.32 0.69 0.34
-50 0.18 0.39 0.19
-55 0.10 0.22 0.11

It must be noticed that phase error coming from the circulator crosstalk measured by the
phase detector is also suppressed by a factor of two by the feedback loop (the same principle
as described above for the FO Tx). Therefore a value of 4¢#/2 given in the last column of table
Blad: Nie znaleziono zrédta odwotania is observed at the output of the link.

Calculation results collected in the table show that within the expected range of APgpm (-
35 dBm to -45 dBm) error values are smaller or comparable to required 1 ps value. Therefore
this error can not be neglected. Fortunately, as described above these are maximum possible
values and usually this error should be much smaller.
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6. Experiments and measurement results

The FLASH PRDS was split into three subsystems: MO System, coaxial cable
distribution and FO link with active phase stabilization. Conceptual analysis and system level
design of these subsystems were described in chapter 5. In this chapter experiments that were
performed on designed subsystems are described. Most important measurement results are
shown confirming the validity of performed considerations and showing that required phase
stability of the distributed signal can be fulfilled by proposed PRDS.

6.1. Master Oscillator System performance measurements

6.1.1. MO phase noise, short term stability

The MO System was designed according to considerations described in chapter 5.1.
Numerous tests and performance measurements were performed in order to verify the system
performance. Measurement results important from the point of view of this thesis are
described in this chapter. The phase noise spectra were measured and a short term stability
(jitter values) were calculated out of measurement results.

Phase noise spectra were measured with the use of a Signal Source Analyser (SSA),
E5052 manufactured by Agilent Technologies. Some of tested devices exhibited excellent
phase noise levels - comparable with the sensitivity of the E5052 device. Therefore the phase
noise sensitivity of the SSA is plotted in presented graphs, where necessary. The SSA offers
also a function of phase jitter calculations. Jitter values given in this chapter, were calculated
with this device.

Unfortunately, the input frequency range of the SSA begins at 10 MHz. Therefore the
phase noise of the 9 MHz OCXO could not be measured.

More detailed description of phase noise measurement techniques and also results of
additional measurement performed in the development stage of the MO System can be found
in references [59], [60].

* 81 MHz PLL

The phase noise of 81 MHz VCXO phase locked to the 9 MHz OCXO is shown in fig.
6.1. This phase noise spectrum was measured at the output of the 81 MHz PLL incorporating
a power amplifier — shown in fig. 5.6. The measured phase noise level is comparable with the
sensitivity of the SSA in offset frequency range [1 Hz, 10 kHz]. Typical phase noise floor
(sensitivity) of the SSA (at 100 MHz) is also plotted in fig. 6.1. It can be expected that for
offset frequencies in range [1 Hz, 10 kHz] the phase noise of locked VCXO is significantly
better than measured. To confirm this statement, phase noise level calculated for the 81 MHz
signal in chapter 5.1.3 (fig. 5.2b) is also plotted in fig.6.1.There is a good agreement of
calculation with measurement in offset frequency range [100 Hz, 1 MHz].
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Figure 6.1: Measured phase noise of 81 MHz signal

Measured phase noise spectrum shows excellent performance of designed 81 MHz PLL.
The calculated phase jitter value (offset frequency range [10 Hz, 1 MHz]) of 36.7 fs is also
an excellent result at this frequency.

* 1.3 GHz PLL

Two 1.3 GHz VCO types were tested for the purpose of the PRDS (chpt. 5.1.3): a VCO
based on a SAW resonator and a DCSO type VCO. Unfortunately none of them could fulfil
phase noise requirements for the PRDS signal. The phase noise of a free running and phase
locked (to 81 MHz signal) DSCO is shown in fig. 6.2. Measured phase noise level is higher
than required in offset frequency range [300 Hz, 800 kHz]. The phase jitter value calculated
by the SSA (offset frequency range [10 Hz, 1 MHz]) equals about 90 fs. It is still better than
required 300 fs (table 4.2). This result confirms the statement derived in chapter 4.3 (below
table 4.7) that the 1.3 GHz signal phase noise was specified in the requirement document [ 97]
with significant margin for the phase jitter values.

A phase-locked module with a Dielectric Resonator Oscillator (DRO) was under
development in the time of writing this thesis. Available DRO prototype offered a possibility
of obtaining phase jitter values in the range of 10 fs. Unfortunately in the time of writing this
thesis only a free running DRO was available, without phase-lock circuitry so the
performance of phase-locked DRO could not be measured.

* 27 MHz and 13.5 MHz frequency dividers

Measured phase noise spectra of the 13.5 MHz and 27 MHz are shown in fig. 6.3. These
signals are obtained by dividing the 81 MHz signal frequency as shown in fig. 5.8.
Unfortunately, in offset frequency range [1 Hz, 1 kHz] the measured phase noise level is
comparable with the phase noise floor of the SSA instrument. Therefore it is probable than

96



6. Experiments and measurement results

real phase noise levels are smaller than measured.
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Figure 6.3: Measured phase noise of 13.5 MHz and 27 MHz signals

For offset frequencies greater than 1 kHz the measured phase noise level (-153 dBc @
27 MHz) is higher than calculated in chapter 5.1.3 for this frequency generation scheme - see
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fig. 5.4. The reason of phase noise level degradation is the intrinsic phase noise of the
frequency divider chip used in the system — shown in fig. 5.7. The measured values
correspond to the values given in the datasheet of the frequency divider chip.

It can be noticed that (by a coincidence) measured phase noise levels of 27 MHz signal
obtained with used frequency divider are comparable to theoretically calculated phase noise
levels of 27 MHz signal obtained by multiplication (-3) of the 9 MHz signal (shown in fig.
5.4). Most probably real frequency multiplier would also cause some additional increase of
the output signal phase noise level. Therefore the legitimacy of use the scheme with frequency
division (fig. 5.3b) instead of the scheme with frequency multiplication (fig. 5.3a) is
confirmed.

6.1.2. Phase drifts in the MO System

Many test were performed in the MO System development stage to verify the long
therm stability of generated signals. There were too many experiments to present them all in
this thesis. Therefore general conclusions are described and only one example of
measurement of phase drifts in 1.3 GHz power amplifier is presented below.

It was found that the temperature sensitivity of signal phase in active devices is an
important issue. In general, phase was changing in the range of about 1 ps to 3 ps per 1 °C of
temperature change of the active device. Interesting measurement results, confirming this
statement for designed PLLs, were published in [1-A]. Such sensitivity to temperature
confirms the legitimacy of installing the MO System in a temperature stabilized environment.
By this the long term phase drift values will be minimized to acceptable level.

* Phase drifts in 1.3 GHz power Amplifier against temperature

Phase drifts were measured with a self developed phase detector module described in
Appendix 6. The temperature of devices other than the currently tested circuit was stabilized
during phase drift measurements. During some tests controlled temperature steps were applied
on tested devices. For this purpose a self developed temperature controlled chamber described
in Appendix 4 was used. Other tests were performed without controlling temperature of tested
device — air temperature (in laboratory) was measured.

Power pre-Amplifier Power Amplifier
Splitter
G= G=
»+37 dB » +23 dB
> 720 dBm +43 dBm
1.3 GHz
Phase Phase
Detector Detector
g
AtprcAmp AtPowerAmp
< AtTotal T

Figure 6.4: Set-up for 1.3 GHz Power Amplifier drift measurements
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It was claimed in chapter 4 that phase drifts in power amplifiers can be a significant
contribution the overall PRDS performance. Unfortunately amplifier manufacturers very
rarely provide data on phase drifts. To confirm the statement mentioned above, phase drifts in
the 1.3 GHz Power Amplifier (PA) module designed for the MO System (fig. 5.5) were
measured. The measured PA consists of two amplifying stages — pre-amplifier and a power

amplifier.

The principle of phase drift measurement is shown in fig. 6.4. Two precise and
temperature stable phase detectors were used to measure phase drifts in each amplifying
stage. The measurement was performed in laboratory conditions over 11 hours. The phase
drift values, the temperature of each amplifier and the air temperature was recorded to find a
correlation between the temperature and phase drift values. More detailed description of the

measurement set-up can be found in the report [91].
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Figure 6.5: Results of 1.3 GHz phase drift measurements: upper plot — pre-Amplifier,
middle plot — Power Amplifier, lower plot — total phase drift in PA module. Figure

published also in [91]

Obtained results are shown in fig. 6.5. The upper plot shows phase drifts in the pre-
amplifier. The middle plot shows phase drifts in the power amplifier stage. The pre-amplifier
exhibits greater temperature sensitivity of phase drifts. Interesting is that both amplifiers have
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opposite temperature coefficients. Phase difference over the pre-amplifier is decreasing with
increasing value of temperature. In the power amplifier, the phase difference is increasing
with increasing temperature. Therefore these phase drifts compensate partly. The total phase
drift being a sum of both contributors (lower plot in fig. 6.5) is of smaller range than the pre-
amplifier drift.

The correlation of measured phase drifts with temperature was calculated - values
shown in fig. 6.5. Values significantly exceeding 90 % confirm that changes of temperature
are the main reason of the long term stability degradation in active circuits used in the PRDS.

6.2. Fiber-optic link performance

The prototype of the FO link described in chapter 5.3 was built and tested. It was
explained in chapter 5.3.3 that two phase shifter types can be used in the FO system
depending on the distribution distance. The motorized Optical Delay Line (described in
Appendix 3) can be used in the FLASH facility. For the XFEL and ILC a phase sifter made of
a fiber spool located inside of a temperature controlled chamber (for simplicity called “oven”
in further text of this thesis) should be used. But this kind of phase shifter is characterised
with large inertia leading to problems with realization of precise phase control loop. Therefore
an idea of testing both phase shifter types connected in series to take advantages of both
solutions was developed.

Three experiments were performed. With the ODL, with the spool in the oven and with
both phase shifters connected in series. The measurement set-up and results of these
experiments are described blow.

6.2.1. FO system test set-up

The block diagram of the measurement set-up of the FO system is shown in fig. 6.6. A
temperature controlled oven with a fiber (SMF-28 fiber type) spool fixed inside (length
depending on test purpose) was used for simulation of the long link. Such solution made it
possible to test the FO system behaviour after applying controlled temperature changes to the
long link fiber. The FO link output signal phase drifts were measured directly (by additional
phase detector) against the input signal phase.

The error voltage from the feedback loop phase detector was provided to a
microcontroller based data acquisition system. During the first tests an evaluation board of the
microcontroller was used. Later, for the final FO system version, a custom board with desired
features was developed (see Appendix 5). The description of the developed board can be
found in the thesis [50].

The micro-controller board was connected to a PC with a self-developed controller
software. A standard PID (Proportional — Integral — Derivative) [105, ch. 1] controller type
was applied. A Graphic User Interface (GUI) (described in Appendix 5) for the FO system
controller was developed in the Matlab® environment. Error voltage was processed in the PC
and results were sent back to the microcontroller and further to the phase shifter. Use of a PC
with a GUI was a very convenient solution because it allowed for easy data processing,
visualisation and storage — necessary in the development stage of the FO link. More detailed
description of the development of the FO system PID controller and the GUI can be found in
the thesis [29].
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Figure 6.6: The measurement set-up of the FO system

In the development stage of the FO link, the microcontroller board was used as a data
acquisition system (interface between PC and FO system). The same board is intended to
work as a standalone (PC independent) system controller in the final FO system version. The
PID controller software developed in the Matlab® language will later be converted to
microcontroller software. With such approach, the same hardware was used for the system
development and for the final system, which of course is advantageous.

The electronics used in the experimental set-up was assembled inside a small crate with
a low-noise power supply circuits. A semi-rigid cables with SMA connectors were used for
the RF signals because it was found that connections made with flexible cables are sensitive
to mechanical vibrations. The assembled crate is shown in Appendix 5.

A fiber-optic transmitter incorporating a temperature stabilized semiconductor laser was
developed (shown in Appendix 5). Commercial, fiber-optic receivers were used. All used
fiber-optic components were equipped with FC/APC type connectors. It allowed for easy
modifications of the system.

All passive fiber-optic components (except spools with fiber) were assembled on a plate
covered with a soft foam — called further “optical breadboard” - see Appendix 5. By the use of
such breadboard the system sensitivity to mechanical vibrations was suppressed.

The entire FO system test set-up was assembled inside of a big industrial climate
chamber as shown in fig. 6.7. Set-up temperature was stabilized in order to minimize potential
errors in system components, especially in phase detectors.

All measurements described below were performed with 1.3 GHz signal.
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Figure 6.7: FO system with ODL assembled in the climate chamber

6.2.2. FO system with ODL

Numerous tests were performed with 5 km fiber spool used as a long link. This was a
spool with shortest fiber available in the experiment time. The temperature variations in the
long link simulator oven were limited to 1.5 °C. Phase drifts caused by that range of of
temperature changes could be compensated by the ODL.

Most important results of performed experiments are described in the reminder of this
chapter. More detailed description of the experiment and more measurement results can be
found in [2-A] and [29].
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Figure 6.8: Phase drifts in the long link fiber (5 km) after the temperature step of 0.5°C. Measured
with open feedback loop

102
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For test purposes the phase change in the long link fiber was measured with open loop of
the feedback system. The temperature step in the long link simulator oven was equal 0.5 °C.
Measurement results are shown in fig. 6.8. The phase change at the output of the long link
(FO RxB) is two times smaller than the phase change of signal that travelled twice through
the link, to the FO Rx A.

It should be noticed here that the phase in the long link changed about 100 ps in 5 km long
fiber when the temperature changed only 0.5 °C! The temperature in the accelerator can
change of more than 0.5 °C per day. Phase drifts can not exceed value of 10 ps per day. The
obtained result confirms the necessity of phase stabilisation in the long links discussed in
chapters 5.2.4 and 5.3.1.

Results of FO system measurement performed with a closed feedback loop are shown in
fig. 6.9. In the upper plot the phase change between the output and input signal of the long
link is shown. It does not exceed 0.35 ps over the entire time of experiment. The open loop
phase error (~100 ps) was suppressed of about 285 times!
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Figure 6.9: Phase changes in the FO link with ODL for 0.5 °C temperature
disturbance applied to the long link

Output signal phase stability measured in 1 minute period*® is shown in the middle plot.

35 Peak-to-peak (or rms) phase difference was calculated every second over last 60 seconds of measurement (so
called “sliding time window”)
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In this case the phase error does not exceed 0.25 ps which also is a very good result. The
movement of the ODL (in ps) is shown in the bottom plot.

Results of another interesting experiments are shown in fig. 6.10. Output signal phase
stability was measured over 95 hours (4 days). Periodic temperature changes of about 1.3 °C
peak-to-peak (upper plot) were programmed in the long link simulator oven. Movements of
the ODL are shown in the middle plot. ODL compensated for about 220 ps peak-to-peak
signal phase change in the long link fiber. In the bottom plot the output signal phase change is
shown. Important is that peak-to-peak phase error did not exceed a value of 0.8 ps over the
entire 95 hours! The peak-to-peak error value measured over 1 minute (not shown here) is
similar as in the case shown in fig. 6.9. It does not exceed 0.25 ps.
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Figure 6.10: Long term phase drift measurement results
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6.2.3. FO system with phase shifter made of fiber spool in the oven

The FO link was tested also with the phase shifter made of a fiber spool inside of the
oven. The measurement set-up scheme was the same as shown in fig. 6.6. An example of
measurement result is shown in fig. 6.11. The phase difference between the FO link output
and its input is shown in the upper plot. The peak value of phase change reaches 2 ps. This is
caused by too slow reaction of the phase shifter caused by relatively big inertia of the fiber
spool. For the same reason the signal stability (middle plot) measured over one minute is also
worse than in the case of the system with ODL. The peak value reaches 1 ps, which is 4 times
more than in the ODL case. The biggest phase change of the output signal is observed during
the fastest phase change in the long link simulator — during the temperature change in the long
link simulator oven. The phase shifter was too slow to react properly.

Fortunately, in the accelerator conditions, the phase changes in the long link should be
slower than in the long link simulator oven. Therefore results obtained in the accelerator
environment should be better.
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Figure 6.11: Phase changes in the FO link with the spool in oven for 0.5 °C
temperature disturbance applied to the long link simulator

More tests were performed with this phase shifter type. System performance with long
link lengths reaching 20 km was tested. High phase error suppression was also obtained.
Measurement results are not shown in this thesis (actually, they look similarly to plotted in
fig. 6.11). Description of representative experiments can be found in [4-A], [3-A], [6-A], [7-
Al, [25].
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6.2.4. FO system with ODL and fiber spool in oven

A conception of using two phase shifters connected in series in the FO link was also
tested. Such solution may be useful for large distribution distances like in XFEL and ILC. The
advantages of both phase shifter types could be taken — the large phase shift range of the fiber
spool in the oven and a fast response of the ODL. With such solution much smaller phase
errors of the output signal are expected.

Measurement set-up was, again, similar to the one shown in fig. 6.6, but the Matlab GUI
software was modified. A PID controller for two phase shifters was developed. Detailed
description of this experiment can be found in [29]. Example of measurement results is shown
in fig. 6.12. A temperature step of -0.5 °C was applied to a 5 km of fiber in the long link. This
induced about 100 ps of phase change in the fiber. After about 1.3 hour the temperature was
changed back to the beginning value — a temperature step of + 0.5 °C was applied.
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Figure 6.12: Phase changes in the FO link with two phase shifters connected
in series for 0.5 °C temperature disturbance applied to the long link simulator

Two bottom plots in fig. 6.12 show the reaction of both phase shifters on the disturbance in
the long link. The oven corrected for the entire 100 ps of the phase change. But in the time of
fastest phase changes in the long link, the ODL compensated for phase error caused by too
slow reaction of the oven phase shifter. One can see two ODL reactions around the time of 0.1
hour and 1.5 hour. In the time where the oven phase shifter speed was sufficient, the ODL
reaction was equal to almost zero.

The most important, upper plot in fig. 6.12 is showing the measured phase difference
between the long link output and the input signal. The peak value of this phase difference only
slightly exceeded 0.2 ps over the entire measurement (2 hour long). This is an excellent result
taking into account that the distribution distance was 5 km. The short term stability, measured
over 1 minute varied about the value of 0.1 ps, which also is a very good result.
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7. Summary and conclusions

7.1. Summary

This thesis was devoted to the design and performance analysis of the PRDS for the 300
meter long FLASH accelerator. The considerations begun in chapter 2 with definition of the
PRDS meaning and description of possible PRDS architecture types. Also a brief descriptions
of formerly realized representative types of PRDS architectures were given. Next, in chapter
3, the knowledge important for the PRDS designer was gathered and referenced to significant
number of cited publications broadening the provided descriptions. Standard, internationally
approved definitions of phase instabilities were given. Phase instabilities characterisation
methods that can be useful for the PRDS design were addressed. The most important PRDS
components and their influence on the signal phase stability were characterised.

Chapter 4 was devoted to the analysis of FLASH PRDS design requirements,
development of PRDS design method and a proposal of the PRDS architecture. The
theoretical background for specification of the synchronization accuracy for the accelerator
was given. The synchronization requirements are derived from required parameters of the
accelerated electron bunches. Only rare publications covering the difficult subject of
accelerator system behaviour analysis for deriving precise phase jitter values required at
PRDS outputs were found. This subject is far beyond the scope of this thesis but it is
important to understand the origin of requirements and it was found that most probably
requirements given for the FLASH PRDS were specified with too high margin of
synchronization accuracy. Nevertheless, further considerations were performed with existing
requirements.

In the further part of the chapter 4 important details of the FLASH PRDS requirements
were given and a method for the system design was proposed. Considerations on the choice of
a suitable PRDS architecture were performed. Finally, the PRDS architecture was proposed
with important system-level choices and assumptions being a starting point for more detailed
system design.

In chapter 5 the detailed description of the FLASH PRDS design was given. The system
was split into three subsystems: the MO, the coaxial cable distribution system and the FO link
with active phase stabilisation. Different signal generation schemes in the MO System were
analysed. The legitimacy of choices taken in the chapter 4 was confirmed. Final design of the
MO System was proposed and the performance of the system made of commercially available
components was analysed (phase jitter values were calculated).

In the second part of chapter 5 the design and performance analysis of coaxial cable
signal distribution system was described. It was shown that a complete design of a system of
cable links is not a trivial task that requires a significant effort. Considerations on the choice
of cable type were performed. Detailed cable system layout was proposed and its performance
was analysed. Expected values of phase drifts in cables installed in the FLASH tunnel were
calculated. It was shown that cable temperature stabilisation is important for assuring
sufficiently low values of long term signal phase drifts. Also power calculations were
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performed for the distribution link. Many additional considerations showing issues important
for designing cable distribution links for longer distances, like for the XFEL were described.

In the last part of chapter 5 the design of the long distance FO link with active phase
stabilisation was described. The system conception was explained and detailed performance
analysis was performed. Sources of phase errors were characterized.

In chapter 6 there were described experiments performed on realized PRDS subsystems.
The phase noise (short term stability) and phase drifts of representative MO System
components were measured. Very good agreement with theoretical considerations performed
in preceding chapters was achieved. Also numerous tests of the FO system performance were
presented. An excellent value of the long term signal phase stability of 0.1ps (peak-to-peak)
over hours of measurement duration was achieved in 5 km long fiber link.

The short description of measurements given in chapter 6 was extended by six
appendices showing important technical details and pictures of realised PRDS subsystems.

7.2. Conclusions and notes on achieved research goals

The author of this thesis was given a task of designing a PRDS for the FLASH
accelerator. The designed system should fulfil the FLASH facility performance requirements
but also it was intended to be an experimental base for development of PRDS for bigger
projects like XFEL and ILC.

The first goal of this thesis was the analysis of most important issues affecting the final
performance of the PRDS. This goal was achieved in the theoretical part of this work
(chapters 3, 4 and 5). There are two main measures of the PRDS performance: the short and
the long term stability of the output signal. The short term stability is related to the phase
noise performance of PRDS components. The long term stability is affected by signal phase
drifts in devices used for the PRDS design. Characterization and analysis of both types of
stability was the main subject of the theoretical chapters. All design choices (like choice of
subsystem architecture or selection of appropriate devices for subsystem realization) were
preceded by considerations on the influence of this choice on the output signal phase stability.
The validity of performed considerations was confirmed by many experiments described in
chapter 6.

The second goal of this work was the development of a simple, practical method for
designing such complicated PRDS. It was shown in chapter 4 that the complexity of designed
PRDS is so great and there are so many interdependent issues affecting the final system
performance that it is almost impossible and for sure impractical to make a complete
mathematical system model allowing for precise system synthesis. Therefore considerations
were limited to range allowing for designing a PRDS that fulfils given requirements. The
second goal was achieved in two ways. First, in chapter 4, by giving a simple algorithm for
the PRDS architecture choice. Second way is shown in chapters 4 and 5 by consequent system
development. The design was started on the PRDS top-level by dividing it into three
subsystems. Next, requirements for these subsystems were analysed and subsystem details
were developed basing on this analysis. Proposed method may be simple and obvious for an
experienced PRDS designer. But for sure, reading of chapters 4 and 5 may provide an
enormous help for a researcher beginning with such challenging task as a new PRDS design.

The third, and most important goal of this thesis was the design and realization of a
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working PRDS for the FLASH facility with effective use of gathered knowledge. This goal
was also achieved. A complete system of electronic devices was realized. Many of these
devices are described in appendices. Photographs shown there should give sufficient
impression on the scale of performed work. Further confirmation of achieving the third goal is
given in chapter, 6 where results of performance measurements of designed PRDS subsystems
were presented. These results confirm the validity of performed considerations and show that
the required PRDS performance should be achieved. The PRDS was prepared for installation
in the FLASH facility. The only issue that was not achieved was the performance
measurement of the entire PRDS installed in the FLASH facility. It was impossible because
the MO System and the FO link were not installed in the FLASH facility till the time of
writing this thesis. The installation is a complicated process of replacing the existing “old”
MO with the new MO System. It requires switching off the accelerator for a longer period of
time which was possible after the time foreseen for completion of this thesis.

The last but not least goal was to gather the experience - both knowledge and
experimental results - useful for the design of PRDS for larger accelerators like the XFEL and
ILC, was also achieved. The theoretical knowledge on the instabilities and their sources that
are described in chapter 3 is universal and can successfully be used in bigger PRDS.
Considerations on extending distribution distance of the designed PRDS were appearing
frequently in chapter 4. Calculations of the long term drift performance of coaxial cable links
for long distribution distances were performed in chapter 5. The FO link described in chapters
5 and 6 is an excellent tool that can be used for highly phase stable signal distribution over
long distances. The practical experience gathered during experiments (e.g. necessity of using
semi-rigid cables for device interconnections) described in chapters 5, 6 and in appendices
may be a very valuable contribution for future PRDS designers.

There is one more achievement of this thesis. It is a successful cooperation with people
(see acknowledgements). The MO System was prepared by tight cooperation of few people
from ISE, DESY and the Inwave GmbH company. Three BS.c theses (one Polish and two
German (Diploma)) written by excellent and hard working students were driven by the
development of the FO link project.

7.3. Perspectives of further research

First of all, the installation of designed PRDS should be accomplished in the FLASH
facility few months after completion of this thesis. A significant number of performance
measurements of the entire system will have to be performed.

In the nearest future, the design of the XFEL project will start. It will also require PRDS
design. The considerations on the FLASH PRDS described in this thesis will be a good
starting point for the XFEL PRDS, where requirements on distributed frequencies and
synchronization accuracy are similar to FLASH PRDS requirements considered here. The
PRDS size (distribution distances) for the XFEL will be greater. Therefore it seems that there
will be more optical techniques than in the FLASH PRDS used for the XFEL PRDS.
Nevertheless, the PRDS output signal is an RF signal and local signal distribution (over one
or few RF stations, up to e.g. 100 meters) between optical fiber links and RF system devices
will be necessary. Therefore results of this thesis may be very useful for this application.

The ILC is also planned to be developed in a little more distant future. Since that
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accelerator will also be based on the TESLA technology, the results of this thesis may also be
important for the ILC PRDS development.
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8. Appendix 1 — MO System design details and project
management

Most important design issues of the MO System were described in chapter 5.1. The MO
System was designed according to this description. As it was shown in fig. 5.5, the MO
System was split to six 19 inch crates. Each crate incorporates necessary frequency generation
and distribution devices and a significant number of auxiliary devices (not shown in fig.5.5)
like diagnostic and performance monitoring circuits. The number of necessary devices and
very sharp design requirements made the MO System a very big and complicated project. A
lot of research and experiments had to be performed before the final system version was
assembled. The MO System development was performed by a team of people from DESY, the
company Inwave GmbH and Warsaw University of Technology (WUT). The author of this
thesis made a very significant contribution to the final design of the system by designing and
testing many MO System devices.

This Appendix is devoted to the description of important technical details that influence
the overall performance of the MO System. The final system assembly is also shown.

As it was described in the preceding chapters of this thesis, the temperature changes are
one of the major factors causing the degradation of the long term phase stability of signals
generated and distributed in the PRDS. Therefore special attention was put into minimising
the influence of the temperature changes in the MO System components. All electronic
circuits of the signal generation and distribution chain were assembled in thick metal
(aluminium) boxes — examples are shown below, in photographs. These boxes were fixed to
thick aluminium plate (chassis) inside of MO System crates. Low thermal resistance between
boxes and chassis was assured by a thermal-conductive paste. In order to minimise the
influence of air temperature changes on the chassis temperature, crates without ventilation
slots were used. Such design of a crate assured relatively large thermal inertia and good heat
distribution within the crate. The installation of the MO System inside of a temperature
stabilized area is planned in the FLASH system. By this phase drifts in the MO System will
be further suppressed.

The device assembly in metal boxes with connectors has also the advantage that each
device could be easily replaced with another (improved) version (if needed) without
reworking the entire crate. Such modular structure was very useful in the development stage
of the MO System.

As mentioned above, besides the frequency generation devices, each crate of the MO
System incorporates a number of auxiliary devices. Power level (or amplitude) monitors were
applied to almost every device in the signal chain. There are also phase-lock detect circuits for
each PLL and power supply voltage monitors. All signals from monitoring devices are
collected by so called “amplitude supervision board”. Signals are provided from this board to
a digital display installed at the front panels of each MO. There is also a connector with
monitoring signals assembled on the back panel of each crate. A data acquisition system based
on microcontroller boards similar to described in Appendix 5 is under development in the
time of writing this thesis. This system will be connected on-line via ethernet to the
accelerator control system. Phase drift measurement results will be stored and warning
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messages will be sent to FLASH operators in case of e.g. loosed phase-lock in one of PLLs.

As it was mentioned in chapter 5.1, semi-rigid cables with SMA connectors were used
for interconnections between devices inside of each crate. It was found experimentally that
such solution minimizes the sensitivity of the MO System to mechanical vibrations. When
flexible cables were used phase jumps of amplitude reaching 2 ps occurred randomly in
measured signals. But the use of semi-rigid cables made the crate design more difficult
because minimum cable bending radius and avoidance of mechanical stress had to be assured.
Because of this the design of the layout of devices in the MO System crates was a very
difficult task. Example of such design is shown in the further text of this appendix.

There were two exact copies of the MO crates built and are assembled in the FLASH
system for backup purposes. In case of fault in any crate, it can be quickly replaced with a
backup one. Possible long break needed for repairing the damaged crate would be avoided by
such solution. There are three copies of LPP crate because one of them is needed in
accelerator module test facility (another project, not a part of the FLASH facility).

The list of crates an their amount is given below:

- LPP — 3 pieces

- 81 MHz Power Amplifier — 2 pieces
- 1.3 GHz Power Amplifier — 2 pieces
- 1.3 GHz PLL - 5 pieces

- 81 MHz Distribution Box — 1 piece
- 1.3 GHz Distribution Box — 1 piece

All together there are fourteen of 19 inch crates built for the MO System. This is quite a
complicated system and a good planning was necessary during the work.

As described above, the mechanical assembly of the MO System crates was a
complicated task and a good design preparation taking into account temperature stabilisation
was necessary. Assembly drawings were made by the author of this thesis for each MO
System crate. As an example, the assembly drawings of the LPP crates is shown below.

Because of the complexity, and large number of devices, the LPP chassis was fixed in
the middle (height) of the crate and devices were assembled on both sides (called top and
bottom side) of the chassis. The assembly drawing for the top side of the LPP chassis is
shown in fig. 8.1. Number of devices in thick metal boxes is drawn with black lines. Devices
assembled on the bottom side of the chassis are drawn with yellow lines. Also the semi-rigid
cable connections are shown. Semi-rigid cable connections between the LPP devices and the
front panel are drawn as lines with open ends directed towards the bottom of the drawing.

The assembly drawing for the bottom side of the LPP chassis is shown in fig. 8.2. This
is a top side view for easier comparison with fig. 8.1. The devices assembled on the bottom
side are drawn with black lines.

The photograph of the LPP crate assembled according to drawings shown above is
shown in fig. 8.3. It is a picture from early stage of development, without semi-rigid cables.
Some connections were made with flexible cables for test purposes.

The photograph of the LPP chassis assembled in the crate is shown in fig. 8.4. One can
see the thick chassis and devices assembled on both sides.
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Figure 8.2: LPP chassis assembly drawing - bottom side, view from the top
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Figure 8.4: LPP chassis in assembled in the crate. Early stage of development.

The photograph of the front panel of assembled LPP crate is shown in fig. 8.5. In the
middle of the crate there is the mentioned above digital display for showing of the monitor
signals. The source of displayed signal can be changed by the rotary switch located below the

display.

Additionally, two photographs of completed crates of the signal distribution box and the
1.3 GHz PLL are shown in fig. 8.6 and fig. 8.7.

Finally, the photograph of finished MO crates in the 19 inch rack is shown in fig. 8.8.
Unfortunately, because of lack of space in the rack, not all designed and assembled crates of
the MO System are shown (e.g. distribution boxes are missing) but this photograph gives a
good impression on the scale of the MO System project.
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Figure 8.7: Completed 1.3 GHz PLL crate
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9. Appendix 2 - Cable temperature stabilisation, cable installation

The problem of cable sensitivity to temperature was described in chapter 5.2.4. It was
concluded there that cable temperature must be stabilized in order to achieve required level of
the long term signal phase stability in all distribution links. Temperature stabilization system
was applied to all long distance links installed in the FLASH PRDS. Cables were arranged in
bundles. The sketch of such bundle of cables is shown in fig. 9.1. A heating tape was wrapped
around cables. Thermal insulation was wrapped around the heating tape. Temperature sensors
are installed inside of the bundle every ten meters. A control system was applied to the heating
tape in order to stabilize the cable temperature with accuracy of = 0.5 °C.

Thermal Insulation

Coax Cables Heating Tape

Figure 9.1: Assembly of coaxial cables in the FLASH facility PRDS

Installation of coaxial cables in the FLASH facility is quite a difficult process because
of mechanical properties of %4 and /5" cables. They are very rigid, being like hydraulic pipes.
Such bunch of cables with the thermal insulation is very heavy, therefore special system of
runners for cable installation was necessary. Also mechanical stress must be avoided and
minimum bending radius preserved. Because of all these factors the installation time and cost
are significant. Example photograph of a bundle of cables is shown in fig. 9.2. There are two
bundles with 1/2” cables going to the patch-panels of the LLRF system. Connections with
cables of smaller diameters are made between patch-panels and LLRF system components. In
the top of the photograph one can see the thermal insulation wrapped around cables.

The PRDS cables were installed together with cables belonging to other accelerator
subsystems — for cost saving reasons. That is why there are so many cables shown in the
photograph in fig. 9.2.
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Figure 9.2: Bundles of 1/2" cables installed in the FLASH facility

118



10. Appendix 3 — Optical Delay Line

10. Appendix 3 — Optical Delay Line

Optical delay line with a step motor was used as optical phase shifter in the FO link
described in chapter 5.3. The ODL used in experiments is shown in fig. 10.1. The device type
is ODL-300, manufactured by the OZ Optics company.

Most important features of used ODL:

- 100 mm travel range

- 330 ps of delay range

- 4.7 fs resolution (one step of the motor)

- 1.5 dB of maximum insertion loss

- RS-232 interface for delay control

- Attached singlemode fibers with FC/APC connectors

!

Figure 10.1: Optical Delay Line
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As it was described in the preceding chapters, a temperature controlled chamber, called
for simplicity “oven”, was developed for the purpose of the PRDS. The main application of
the oven was the optical phase shifter. Spool with fiber inside of the oven was acting like the
optical phase shifter as described in chapter 5.3.3. Also long fiber link in the accelerator
tunnel conditions was simulated with the use of this oven. Another oven application was a
temperature stabilization of temperature sensitive PRDS components (e.g. phase detectors).
The oven was also very useful during experiments — precise temperature changes were
applied on devices. By this the device sensitivity to temperature could be characterized.

Precise changes or stabilization of the inner oven temperature were required. In other
words, the oven should be able to stabilize temperature, heat or cool. It should be as fast as
possible with continuous temperature value control (ON/OFF*® temperature regulation was
not applicable). The oven should also fit into the 19 inch rack system used in the FLASH
facility for electronics. It was quite a difficult task to find relatively cheap commercial oven
fulfilling all of these requirements. Therefore a custom oven was built by the author of this
thesis.

It was decided that a Thermo-Electric Cooler (TEC) will be used for heating and
cooling. A PID temperature controller was applied to the TEC. A commercial, temperature
compensated PID controller was used. The photograph of the oven is shown in fig. 11.1. All
mechanics of the second oven was also designed by the author of this thesis. The box was
made by a professional mechanical workshop.

More details on the oven design and performance test results can be found in the report
[3-A].

36 Typical temperature controllers switch on the heater (or cooler) for a period of time. Then the device is
switched off. By this the temperature is kept within a specified range (e.g. = 1°C) but it is swinging
periodically. This is acceptable for many applications but may be a very big problem for characterization of
sensitive PRDS components.
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Figure 11.1: Second version of the oven. Upper left - front panel; Upper right - thermal insulation; Bottom left -
back side (oven turned with the bottom up); Bottom right - temperature controller electronics
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The system level design issues and the experimental set-up of the FO System were
described in chapters 5.3 and 6.2. It could be noticed, especially in the latter chapter, how
complicated was the system installation. Many subsystems had to be self developed and tested
before the final system set-up was assembled. This was an enormous effort performed by the
author of this thesis and two B.Sc. Students taking part in the project. A brief description of
developed components of the FO link and other important technical issues are given in this
appendix. Detailed description of all technical issues of the FO link is beyond the scope of
this thesis and would lead to unacceptable increase of its volume.

It was mentioned chapter 6.2 that the SMF-28 fiber type was used in the FO link. This is
a standard, low-cost fiber manufactured by the Corning company. One of the most important
parameters of this fiber (for the FO link application) is the phase length sensitivity to
temperature changes. A value of 10 ppm is given in the fiber datasheet. The value of 7.5 ppm
was measured experimentally.

Spools with the SMF-28 fiber were used for the purpose of the optical phase shifter and
the long link simulator. Fiber lengths available during performed experiments were 5 km, 10
km, 15 km and 20 km. Photograph of such spools (5 km and 10 km) is shown in fig. 12.1.
Spools were covered with a wire net. This solution allowed a good air access to the fiber. Air
was blown on the fiber by a fan inside of the oven.

Figure 12.1: Spools with fiber used for experiments

The fiber-optic transmitter (FO Tx) (see fig. 5.14) PCB was designed by the author of
this thesis. A DFB laser module with integrated temperature sensor and Thermo-Electric
Cooler was used. Laser diode controller and temperature controller circuits were applied to
the laser module. The developed FO Tx PCB is shown in fig. 12.2. The RF input signal
modulates the amplitude of the light produced by the laser in the FO Tx. Measured bandwidth
of the FO Tx spreads between 50 MHz and 2.5 GHz (3 dB frequencies).
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Figure 12.2: Laser transmitter PCB

There is a number of passive optical components used in the FO system — circulator,
directional coupler, mirror (see fig. 6.6). Power splitters were also used for monitoring
purposes. All of these devices were equipped with pieces of fibers (so called “pig-tailed”
devices) with optical connectors. FC/APC connector type was selected for low optical loss
and reflections. These components were assembled on a soft (made of foam) base called an
“optical breadboard” The photograph of the optical breadboard is shown in fig. 12.3. By the
use of the soft base the system sensitivity to mechanical vibrations was minimized.

ODL ] )
Directional

/ Coupler

Circulator

Figure 12.3: The optical breadboard

The electronic components of the FO link (laser transmitter, optical receivers, phase
detectors, power supplies) were assembled together in a small crate that could fit into one of

123



12. Appendix 5 — FO system design details

designed ovens (Appendix 4). By this, for test purposes, the crate temperature could be
controlled or changed. Low noise power supplies were used. Additional filters were used in
the supply voltage lines.

The photograph of the FO link crate is shown in fig. 12.4. Short semi-rigid cables were
used in the crate for RF signal connections.

Figure 12.4: Crate with the FO link electronics

Important part of the FO link is the microcontroller board. Used PCB incorporates the
MSCI1211 microcontroller type with slow but precise, 8-channel ADC and four channel DAC.
The PCB is also equipped with two serial ports (UART) for the RS-232 connections and the
I’C bus. The I*C bus was used for communication with digital temperature sensors.

The components used in the FO link are relatively slow (the reaction of the optical
phase shifter is very slow — time constant of the spool in the oven reaches tenths of minutes).
The feedback system is supposed to suppress slow, long term drifts caused by air temperature
changes. Therefore there is no need for using a fast data acquisition system. The ADC sample
rate of 1 Sample-Per-Second (SPS) is sufficient for the purposes of designed FO link.
Therefore choice of a microcontroller with slow ADC (1 kSPS) was justified.

As described in chapter 6.2, in the development stage of the link, the microcontroller
board was used as data acquisition system for the FO link PID controller programmed in the
computer. In the final system version the microcontroller board will work as a standalone
(without a PC) FO link controller. A custom board with all features useful for the FO link was
designed. The new board is equipped with a real time clock, flash memory for data storage
and USB port for fast data exchange with PC. More details about this board can be found in
the thesis [50]. Board photograph is shown in fig. 12.5.

The PID controller software was developed in the PC in the Matlab® environment. A
Graphic User Interface (GUI) was developed for this controller. The screen-shot of the
developed GUI is shown in fig. 12.6. The main purpose of the GUI was the measurement data
analysis and visualisation and the providing tools for development of FO system controller
parameters.

The measured and calculated data was plotted “on-line” in the GUI after taking each
sample by the microcontroller board. Data could also be saved in files in the PC hard disc.
Many parameters could be controlled and changed by the GUI user: PID controller
parameters, ADC sampling time, measurement duration, used ADC and DAC channels. The
GUI incorporates very useful functions for calculation of the signal stability over specified
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period of time. The GUI was also used for controlling of the long link simulator oven.
Different patterns of temperature change in the long link simulator were programmed. By this
long duration measurements were performed automatically, without a need for operators
supervision.
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Figure 12.6: Matlab GUI developed for the FO link control
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Phase detector is a very important device for the PRDS. It is used in the PLLs and in the
feedback loop of the FO link. There are also many phase detectors used for performance
measurements of the PRDS. Phase drifts are measured in specified locations in the system.
Naturally the phase detectors are not ideal devices and errors may appear during measurement
causing the performance degradation of the PRDS. Therefore a development of a linear and
minimum drift (best drift free) phase detector is a very important issue of the PRDS design.

Since the most important signal frequency in the FLASH PRDS is 1.3 GHz, it was
advisable to find a phase detector able to measure phase difference directly at this frequency.
Without a need for frequency down-conversion which could lead to additional measurement
errors. There are several types of phase detectors able to measure phase difference directly at
1.3 GHz available in the market. Two commercial phase detector chips were tested. The
HMC439 manufactured by the Hittite company and AD8302 manufactured by Analog
Devices.

Significant disadvantages of the first phase detector for the PRDS application were
revealed. Description of these disadvantages may be useful for showing which parameters
should be observed by the PRDS designer.

Figure 13.1: The PCB for the HMC439 phase detector

The HMC 439 chip was found very interesting because it can measure phase difference
in the range between -m and +n and the characteristic is rising over the entire measurement
range. This is an useful feature in comparison with many phase detector types offering
positive slope of the characteristic in the range -rt to 0, and negative slope in range 0 to +mx.

The designed PCB for the HMC439 phase detector is shown in fig. 13.1. The
characteristic of the phase detector is shown in fig. Btad: Nie znaleziono zrédta odwotania. It
was measured with a digital oscilloscope after applying two signals with slightly different
frequencies to inputs of the phase detector. Therefore the horizontal axis of the plot is scaled
in seconds. Nevertheless, the full axis scale corresponds to the phase change of £180°.
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Figure 13.2: Measured characteristic of the HMC439 phase detector
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Figure 13.3: Nonlinearity of the HMC439 characteristic

This characteristic is slightly nonlinear. The difference between measured characteristic
and a straight line (fit to this characteristic) is shown in fig. Btad: Nie znaleziono zrdédta
odwotania. The differences reaching +20 degrees can be observed. Therefore a precise
calibration is necessary in the case of phase difference measurements.

Unfortunately, there was also another, bigger problem observed by this phase detector.
The characteristic was dependent on the temperature but this dependence was unambiguous —
measurement error value was changing during subsequent temperature variations of the same
value applied to the detector PCB (tested with the developed oven). These changes were in
range of 1 ps to 2 ps, which is very significant for the PRDS.

The second of tested phase detectors is the mentioned above AD8302. The developed
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PCB assembled in a thick metal box is shown in fig. Blad: Nie znaleziono zrédta odwotania.
The characteristic of this detector is also slightly nonlinear but repeatable with temperature
changes. Therefore standard phase detector calibration could easily be performed. The
measured sensitivity of this phase detector to temperature changes is extremely low, being in
the range of 0.05 to 0.1 degree per 1 °C (several phase detector boards were tested).

Figure 13.4: Developed AD8302 phase detector module
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