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Wenn ma an Frosch fragt, "wia schaut'n der Himmel aus?”.
Der sitzt ja in seim Brunnenschacht drin, und da is stockfinster.
Aber oben an der Abdeckung kommt, durch an bissl an Spalt, a Licht rei.
Und des is fiir'n Frosch der Himmel.

Wenn ma jetzt an Vogel fragt, "wia schaut’n der Himmel aus?”,
sagt der Vogel, “ja, unendlich weit, bis zum Horizont. Und wenn ma dabhin fliegt, geht's nummoi
weiter”.

Und beide ham’s Recht, obwohl’s so unterschiedlich klingt.

Deswegn mécht i a Frosch sei, der an Vogl hat!

Fredl Fesl
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1 Introduction and Motivation

Time is a fundamental unit in Physics. To understand time, humanity has developed clocks in
order to see it (watch), to hear it (‘tick tock’) and to feel it (stress).

Reciprocal connected to time is frequency. The definition of time is a purely human construct and
has received multiple steps of development. In the very beginning there was the simple looking
up to the sun and the stars, then sun clocks, water clocks, pendulums and quartz clocks to finally
the current stage of time and frequency definition: the atomic clock.

Now, at the edge of a new time standard, in all parts of the world scientists make huge efforts in
this development.
Until now (year 2017) the definition of the second is as follows.

The second is the duration of 9 192 631 770 periods of the radiation corresponding to
the transition between the two hyperfine levels of the ground state of the caesium 133
atom. [1]

This definition is valid since the year 1967. Current '33Cs clocks have stabilities in the area of
oy(r) = 107137712 and an uncertainty at the 1076 level [2].
The next definition of a second may be:

The second is the duration of 642 121 496 772 646.22 periods of the radiation corre-
sponding to the octupole transition 'S4, and 'F,,, of the single ionized Ytterbium 171
isotope [3]

But further development of time/frequency is directly connected with the transport of this informa-
tion from one spot to another. The best clock is useless, if its information is hidden within.
Without the help of our standard electronic equipment, e.g. Global Navigation Satellite System
(GNSS) synchronized smartphones, the transport is actually very difficult in our daily life.

A simple example is the 100 m run in school. One person with the starting pistol gives the com-
mando to start the race. Another person at the finishing line waits for the signal to start measuring
the time until the sprinters arrive. If the acoustic signal is taken, a time delay of about 0,3s is
included due to the velocity of sound in the air. Nevertheless humans react within a few millisec-
onds on sound information.

If the information is transported optically (seeing the explosion at the top of the pistol) it reaches
the measuring person with the speed of light propagating through the air (in no-time compared to
acoustic signals). But the reaction of human eye on light has also a delay of about 40 ms.

With this precision of time distribution over 100 m, some athletic championships would score even.
Also a global synchronization of the results would be most complicated. Fortunately the distribu-
tion of time nowadays ensure that even time measurements for Formula One races can be done
without highest complexity.

As the example shows, time transport is connected to the distance. The information should be
transported from a spot A to a spot B without loss of information, no matter how far away the
spots are. To ensure that every spot has the same time ’ty’ at the same moment, includes the
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information of how large the distance of the time distribution is. The better the performance of a
clock, the better must be the performance of distance resolution to guarantee the transportation
of ’to’.

Other examples which require highest complexity of time distribution would be:
- High frequency trading in the stock exchange

- Detection of new particles at Large Hadron Collider

- High precision of localization determination using GNSS

Within this thesis a new approach is shown for time and frequency synchronization between to
locations in space relevant distances (10*km). This time and frequency synchronization is pos-
sible in static as well as in dynamic systems. The new method covers even newest/future time
standards, which enables a long duration of application. lts simplicity and compactness in function
results in a most handy system. Applications on ground or space can equally profit from the new
system.

In Section 2| the theory is presented in order to give an overview over every important aspect of
time and frequency synchronization. The new approach is explained in detail and applications are
shown.

The definition of the measurement systems and setup is presented in Section [3]in order to explain
how the theory is proven.

The measurements are shown in Section[4]with the proof of concept and compares it to an already
existing system, which promises high performances.

In Section [5|there is given a summary of the executed work.

Finally there will be given an outlook in Section[6]on the possibilities of further developments.
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2 Theory

In this section the theory of all necessary topics is given. Some sections are mentioned to give
a rough overview since most of the theories are published already in more detail. The purpose
is that the reader is capable of understand the context between different systems and their ap-
plication. Also interfaces and their requirements result from the connection between the different
theories. References help the reader if more detail in some topics is requested. However the
theory of the new approach is (as to the knowledge of the writer) described the first time within
this thesis. The description of the new theory is limited to the content which is necessary for the
setups and measurements within this thesis. It is expected, that further development of the new
approach increases the theoretical input and creates more possibilities and applications.

A description of frequency and time is given in Section [2.1] which implies characterization and
meaning of time and frequency transfer.

An overview of current and future time standards can be seen in Section

Optical Frequency Comb as an essential part for future time distribution and its interaction with
future time standards is explained in Section (2.3

Precise distance measurement and/or time and frequency distribution are applicable for multiple
scenarios. Within this thesis three space scenarios are considered. The requirements of distance
resolution and time and frequency transfer result from these mission scenarios. These topics are
summarized in Section 2.4

Afterwards follows the Frequency Domain Distance Measurement (FDDM) method in Section[2.5]
For time and frequency synchronization two Cross Correlations are shown in Section This
section includes the new approach FDDM Cross Correlation (FDDM CC) and the system to com-
pare it, the Balanced Optical Cross Correlation (BOCC).

2.1 Frequency & Time

A clock is defined by two essential characteristics: Stability and Accuracy [4].

Each clock creates a frequency which should be constant over long time.

This ’frequency’ can be generated by a sun clock (period over one day), a water clock (period of
one drop of water followed by the next drop) or the current technologies of atomic clocks (trans-
mission between two hyper fine levels of an atom).

No matter which oscillator is used, the constance of the period defines the stability and the accu-
racy of each clock type.

A visualization of the difference between stability and accuracy is shown in Figure ]
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Figure 1: Visualization of stability and accuracy

The system in Figure[T]a) has a good stability, but a bad accuracy. All shots are about in the same
region, but the focal point of the shots is not the required centre.

The system in Figure [1|b) has a good accuracy, but a bad stability. The focal point of all shots is
at the required centre, but they are spread around within a large divergence. It takes longer time
to calculate the focal point.

The system in Figure [1|c) has a good stability and a good accuracy. The shots are about in the
required centre and it takes short time to create the focal point in the right area.

Stability is a factor which implies how accurate an oscillator can be dependent on the integrated
time.

The accuracy is a limit of the stability. At a specific integrated time the accuracy (time resolution)
is reached. Further time integration results in the same accuracy.

The characteristic of the stability is expressed by the Allan Deviation [4]. The squared Allan Devi-
ation is the Allan Variation.

Target of typical clocks is to create a perfect frequency with lowest Allan Deviation and highest
accuracy. Therms like thermal noise, mechanical imperfection, voltage jitter or statistical limitation
are responsible for their imperfection.

Clocks generally consist of a resonator/cavity and a norm.

The cavity is responsible for the frequency generation. The norm is a control unit that the created
frequency can always be compared with.

Cavities are different from one clock to another. Therefore they create different frequencies. The
norm is equal to each clock.

Water clocks use defined water pots with defined water flow as a cavity. The norm is the position
of the sun to earth.

The lengths of a pendulum is its cavity. Again, the position of the sun is the norm.

New time standards use a gas cylinder as cavity and a hyperfine transition of an atom as a norm.

It is indispensable for further development that they result in higher frequencies. The higher the
created frequency the better the statistic to measure time, e.g. one second. But faster frequencies
also require norms with adequate frequency response. Control of faster frequencies implies more
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technological development.

For absolute and highly precise distance measurements the frequency of an oscillator must be
known precisely. The better the frequency can be measured or stabilized, the better the function-
ality of the complete system. A characterization of frequency is shown in this section.

The frequency stability of each oscillator is defined by its own phase noise characteristic. This
characteristic defines the precision of each oscillator thus the preciseness to generate a constant
oscillation. The phase noise Sg(f) [5] depending on frequency is characteristic for each oscilla-
tor. The higher the phase noise, the less stable is an oscillator. Unstable oscillator change their
frequency which results in a less precise measurement of time and therefore all units which are
connected to time (e.g. distance measurements).

The frequency can be illustrated as a circulation in the complex area with a defined frequency
¢ = iwt = i27fpt. The imperfection (jitter’) of the circulation is the phase noise of the oscillator. The
phase noise can be expressed by power spectral density Sg(f) or in spectral density in frequency
fluctuations Sy(f) [6]. Both are equally measured by spectrum analysis. The difference is the main
frequency: Whereas Sy, is defined for the whole frequency area, Sy has its focus on the oscillator
frequency fy.

An illustration of frequency instability is shown in Figure [2|

|m“\iw:
§ 2
' Sy(f) = (m) Salf)
Re= fmax
Sy = / df Sy (f)
‘ ' fr.nin

Figure 2: Integrated phase noise results in frequency instability

Figure 2] shows also the relation between Sy and Sg. The centre frequency fq creates a constant
oscillation in the complex area. The phase noise is the jitter around the current complex vector.

Phase noise Sy is measured using spectrum analysers. Within these devices two frequencies are
shifted against each other. Fourier transformation of the interference signal results in the power
density and therefore in the phase noise.

The phase noise correlates with the Allan Variance directly with [6]
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fmax
ot =5,- [ dis, (1)
frmin
Therefore an oscillator can be characterized within different frequency/time areas. The integra-
tion area can be defined as what suits best to the current measurement. Within this thesis the
integration area is defined by 1 second. This means that all stability values (Allan Deviation) are
calculated to the measurement time of 1s.

The phase noise measurement of 1s is defined by the integration within the frequency area
fint = [1Hz,fo/2]. Measurements with a spectrum analyser result in a spectral density of the
phase noise, which can be characterized. Different frequency areas result in different frequency
dependencies as illustrated in Figure[3]

»
»

)

§ Flicker Frequency
§o Noise

N 1/f

S~

O

o

= .

@ White Frgq uency
S Noise
=z

¢ 2

& 1/f

ey

o

Corner

1
; 1/f Freiquency White Phase Noise
Flicker Phase Noise ™

\4

Frequency Offset [Hz] (log scale) f

Figure 3: Phase noise characteristic of an oscillator [7]

The higher the frequency offset of the centre frequency the lower the frequency/phase noise. Dif-
ferent phase noises are defined by order of attenuation dependent on offset frequency:

Flicker Frequency Noise, White Frequency Noise, Flicker Phase Noise and White Phase Noise.
A ‘simple’ integration over the measured phase noise spectrum yields to the phase noise of an
oscillator. The Random walk is not illustrated in this diagram, but would be found in lower fre-
quencies than Flicker Frequency Noise. Using a Phase Lock Loop (PLL), locking an oscillator to
another oscillator, the phase noise can be lowered (in case that the reference oscillator has a bet-
ter stability). The limit for stabilization is the Corner Frequency. Any PLL has a frequency range
within the oscillator can be locked. If the range of the PLL is higher than the Corner Frequency
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there is no improvement of the phase noise.
Generally the higher the modulation frequency f,,0q4 0f a PLL, the higher the noise of the PLL itself.

Low noise oscillators have (compared to not-low noise oscillators) a lower Corner Frequency and
a lower White Phase Noise. Since low phase noise is correlated to low frequency variability, most
of the time a compromise must be found between flexibility and performance.

The time stability of an oscillator is different to its frequency stability but they are related to each
other. The time stability can be expressed by the Allan Deviation/Variation which is connected to
the phase noise of an oscillator. Therefore the time/frequency integration area is the difference
between the two expressions.

Time stability is used to measure a random walk of an oscillator (which is not illustrated in Figure
B). The random walk is also a characteristic of an oscillator. If the oscillator is not stabilized to a
norm, the frequency of the oscillator would drift to a not-known (random) frequency.

For time characterization of larger time scales (days, months) usage of phase noise is not prefer-
able, because it causes a huge measurement effort and much data. Each measurement of phase
noise includes the whole spectrum of the integrated frequency area. This spectrum is important
for oscillator or PLL characterization and for their improvements, but is constant over long time.

However frequency measurements imply a complete integrated phase measurement. The re-
sulting frequency output includes its uncertainty indicated by frequency fluctuation between one
measurement and the other. A frequency counter with a defined gate time 7 is the result of the
integration of the phase noise. The calculation of a time stability dependent on a time slot is
illustrated in Figure 4]

T 2T 47
et re—— % t
| | | | | | | |
i i i i i i i i i >
1 2 3 4 5 6 7 8 9
lyrolyrolyrolyrolyrolyrolyrolyro > O(T)

1 : 2 : 3 : 4 : 5 : 6 : 7 | 8 | y 0

T T T T

| Y12 0 ' yzz 0 | y32 0 | y42 0 > cy(ZTO)
I y14t0 : y24t0 . > oy(4ro)

Figure 4: Time stability with different integration time [4]

The time slot 7y (defined by gate time of the frequency counter) defines the integration of the
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phase noise of the oscillator. Within this gate time, the oscillations are averaged and calculated to
a mean value yﬁ'f. The larger the time slot the less the frequency jitter. The Allan Deviation can
be calculated as [4]

p
1 t
> ) . . . meas
Uy(X~T)=2-ka_1[yﬁT_y’|§f1] with p=|nt(x.7>—1 @)

with tmeas as the absolute measurement time. The Allan Deviation compares two neighboured
averaged values and results in a difference between the two values. The deviation between the
values results in the stability of the system. With higher measurement time the Allan Deviation
lowers until the random walk of a system is reached.

Within this thesis frequencies are synchronized / stabilized in different ways. Different types of
oscillators are used with different phase noise characteristics, but the principle of stabilization
stays constant. The main focus of this thesis is the transport of frequency and time which also
implies additional instability. The target is to create a connection between two spots that adds as
less instability to the oscillators performance as possible.

2.2 (Optical) Atomic Clocks

Clocks with highest performances are a combination between microwave frequency or optical light
interfering with hyperfine structures of electrons of atoms or the nucleus of the atom itself. But the
overall functionality of any atomic clock is similar if in the microwave or in the optical area.

An oscillator (described in the prior section) is defined by ultra low phase noise for high frequency
stability. The random walk must be controlled, that the second continuously stays constant. As
mentioned before, the oscillator would drift to a random frequency. Therefore a norm (mostly a hy-
perfine level of an electron transition) is used to stabilize the randomly running frequency. Under
same environmental conditions the electron transition of the norm is not changing. Characteristic
for a norm is that the bandwidth Af of the transition is as narrow as possible compared to the tran-
sition frequency fo. E.g. the 2S;,, — 2F;, (octupole) transition of an 17 Yb*lon has a theoretical
linewidth of Af < 1nHz at a transition frequency of fy ~ 6.42 - 10'*Hz [8].

The norms changed during the last years. Starting from a Caesium atom for microwave standards,
the development for microwave standards continued to current Rubidium or Hydrogen clocks.

In the early 1980s the first Optical Atomic Clocks (OAC) started with Hydrogen or lodine. Also
development changed the used atom norms to Strontium, Ytterbium, Aluminium or Mercury. An
excerpt of the development of time standards is shown in Figure
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Figure 5: Development of clock accuracy [9]

The development of both clock types (microwave clocks and optical clocks) shows remarkable
performance gains during the last 50 years and continues. Nevertheless as illustrated in Figure
[B]the performance gain with optical standards overtook the microwave standards in less develop-
ment time. But this contains only the performances of time standards.

Their development stages are quite different, since Microwave/High Frequency (HF) Standards
are already available for space applications (e.g. Galileo) and for commercial purpose whereas
optical standards are still in research stage.

The difference between HF and optical standards is the frequency of the electron transition. HF

Standards are in the 10°Hz area whereas optical clocks use frequencies about 10'#Hz (optical
area). In Table[{]three HF Standards are listed.

Table 1: Examples of current HF standards and their performances

type transition frequency stability accuracy
133Caesium [10] 9192 631 770 Hz 2.0-10713 2.10716
87Rubidium [11] 6834682611 Hz 1.7-10718 5.10715
THydrogen [12] 1 420 405 752 Hz 5.0-10714 3.10716
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The frequencies are manageable with HF electronics and are technologically advanced compared
to optical clocks. The accuracy/uncertainty show the limit of the clock performances. Even with
larger integration time (run time), this is the lowest achievable stability of a clock. As mentioned
before the transition has same frequency transition at same environmental conditions. Depen-
dent on technology limits like changing black body radiation (temperature) or particle collision, the
transition is broadened or shifted in long term and creates a long time frequency drift. This drift
occurs in all time standards.

The technological requirements of OACs exceed the requirements of HF Standards because their
amount of laser systems is higher and their requirement on laser stability. Starting with the han-
dling of the cooling system (exists also in HF Standards) which requires multiple laser systems,
since Black Body Radiation or collisions within optical clocks have larger impacts on the instability
(of function) of the clock. Unwanted decays in other energy levels occur statistically which implies
system failure if not handled. Therefore additional repumper laser systems must be added to
bring the electron back to its ground level. And finally the highly stable clock laser which serves
as the new frequency standard must be locked on a highly stable cavity and must be controlled
with the control atom(s).

For a better understanding Appendix [A| gives a general overview of complexity and performances
of two basic types of OACs: Lattice Clocks and (Single) lon Clocks. Also further references are

given if more information is required.

Within Table [2] three different Lattice Clocks are summarized with their expected performances.

Table 2: Examples of different lattice clocks and their performances

Type Transition Wavelength | Stability Accuracy

19Mercury | 363 nm 1.8-10716 | 7.10718 [{3]
87Strontium | 813 nm 3.4-107"° | 2.107'8 [14)
7 Ytterbium | 759 nm 2.2.107"° | 3.10718 [{4]

Table [3|shows some examples of Single lon Clocks.

Table 3: Examples of different ion clocks and their performances

Type Transition Wavelength | Stability Accuracy

199Mercury* 282 nm 1.0-10716 5.107"8 [{5]
88Strontium* 674 nm 5.6-10716 2.107" [15]
72¥tterbium* | 467 nm 1.1-10716 | 3.107'8 [16]

As can be seen by the two tables, the performances of each OAC type exceeds the performance
of a HF-Standard by two orders of magnitude. It must be mentioned, that these values are mostly
theoretical since long time function (> 1month) is not yet implemented. The development of OACs
is in the laboratory phase and needs more time until it can be used for commercial applications.
Nevertheless it is expected that future time standards are OACs dependent on their performance

10
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gains. Especially Single lon Clocks are in advantage for first space applications since their com-
plexity is lower compared to Lattice Clocks. For now the only advantage of HF Standards is their
technological status.

2.3 Frequency Combs for Time and Frequency Synchronization

The systems in this thesis for precise distance detection use short pulse lasers. Pulse lasers
are sufficient if HF-Standards (H-Maser, Rb-Standards) should be synchronized. Their repe-
tition rate is locked directly on the output frequency of the standard. However the measure-
ment/synchronization of OACs require additional stabilization of the pulse laser.

This section is a rough overview of Optical Frequency Combs (OFC) and their application for fu-
ture OACs including their interaction.

An OFC is an updated short pulse laser. Short pulses are generated within a mode locked oscil-
lator. A mode locked oscillator contains multiple harmonics created by a cavity. To create a mode
lock, multiple stabilization functions are available like active optical components (active mode lock-
ing [17]) or passive mode locking (e.g. SESAM or CNT [18] [19]).

Any technology is applicable for measurements done within this thesis. The requirement is the
shortness of the pulses. Nevertheless concerning space applications the focus lies on compact-
ness, robustness and long time function. Optical fibre technology fulfils all requirements and has
performances which are necessary for any applications.

Anyhow the output of a short pulse laser are equidistant short pulses. The time between the
pulses (repetition rate) is defined by the oscillators length and can be very different, dependent
on the purpose of the pulse laser. The shortness of the pulses corresponds to the mode locking
of the laser. Within this thesis 'short’ means pulses with durations below 1 ps at repetition rates in
the HF area (100 MHz).

That short pulses create a ‘comb’ in the frequency area due to Fourier Transformation is part of
Section They create multiple harmonics of the repetition rate in the frequency area:
The shorter the pulses, the broader the spectrum (see Equation[7} envelope term).

Additionally to the repetition rate, the Carrier Envelope Offset Frequency (CEO) occur.
The origin of the CEO and its handling is described in Appendix[B] If more detail is required further

references are mentioned.

Together (repetition rate and CEQ) the output spectrum of an OFC in the frequency area is as
shown in Figure 6]

11
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The optical spectrum contains multiple ‘comb’ lines with distances defined by the repetition rate
and the CEO. The difference between a short pulse laser and an OFC is the stabilization of the
CEO. When the CEO is stabilized a random optical frequency fy (1014Hz), overlapped with the
output spectrum of the OFC, can be defined by

fo =N- fREP +fCEO + Af

with Af as the overlap frequency between neighboured comb tooth and laser which should be
measured. Since fg is in the 10'#Hz area (optical area) and the repetition rate at frgp ~ 108Hz,
the integer 'n’ is about 10%. The exact value must be calculated by a two point measurement at
different repetition rates.

The OFC is therefore a connection between the electronically measurable frequencies frep, foeo
and Af and the optical frequency fy. Hence optical light is directly electronically measurable and
transferable to the electronic area. If two optical clocks should be compared, which have a large
distance between them, the optical light is transferred to the HF-area. The repetition rate contains
the same stability as the output laser of the OAC. The repetition rate can then be transported
from one spot to another and is then transferred back again into the optical area. If the repetition
rate is synchronized between the two spots the control of focgg and Af creates a possibility for
comparison of both OACs.

When time or frequency of HF-Standards should be synchronized, the CEO stabilization is not
required. This thesis shows a new system how HF-standards can be synchronized over long
distances without loss of information using a short pulse oscillator. If the pulse laser is updated to
an OFC the new system would also be capable of synchronize OACs.

2.4 System Requirements

Precise distance measurements are implied in space missions for multiple functions and pur-
poses.

12
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Within this thesis two mission types are considered. Their system requirements on distance mea-
surement are the basis to elaborate the systems created in this thesis.

Since the methods should be able for time and frequency transfer, the main mission to define
the system requirements is the Galileo mission. Nevertheless a comparison with other missions
could yield into new applications for the methods presented in the present thesis.

2.41 GRACE/GFO

Gravity Recovery and Climate Experiment (GRACE [21] [22]) consists of two identical spacecrafts
that circulate about 220 km apart in a polar orbit 500 km above Earth. GRACE maps earth’s grav-
ity field by making accurate measurements of the distance between the two satellites, using GPS
and a microwave ranging system. It is providing an efficient and cost-effective way to map earth’s
gravity field with unprecedented accuracy. The results from this mission are yielding crucial infor-
mation about the distribution and flow of mass within earth and its surroundings [23].

The GRACE mission started in 2002 and provides successfully gravitational field measurements
of the earth over more than 14 years. The secondary mission is GRACE follow-on (GFO) which
should be launched with a scheduled launch-date in 2017.

The GFO mission is equal to the prior GRACE mission except that an updated ranging system is
installed. The prior mission used K-Band for ranging, similar to a time-of-flight method. GFO has
a Michelson interferometer for measurements with two active sources. The GFO mission is the
first implementation of an optical link between two satellites for interferometric detection.

2.4.2 GALILEO

The Galileo System serves as the reference system, since the system would benefit additionally
using a time and frequency synchronization between the satellites.

The complete Galileo constellation consists of 24 satellites plus spares (two active spares per
orbit). With the satellites taking about 14 hours to orbit Earth at altitudes of 23.222 km, there are
at least four satellites visible at the same time anywhere in the world. The satellites are placed in
three orbital planes at an angle of 56 degrees to the equator, which will provide coverage up to
the polar regions [24].

Figure [7] shows an illustration of the Galileo system with some selected spots.
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—— Q@Galileo-Orbit 1 —— Galileo-Orbit 2 —— Galileo-Orbit 3

Figure 7: Galileo Constellation

Within the figure four satellites are chosen for further characterization. Their distances and veloc-
ities are defined as

D{ = Distance between satellites S1 and S, (both Orbit 1)
D, = Distance between satellites S and S5 (Orbit 1 and 2)
D53 = Distance between satellites S and S4 (Orbit 1 and 3)
Vx = Velocity vector of satellite Sy

Between one orbit and another occurs the largest velocity and distance changes. An example is
shown in Figure[8} between Satellite 1 and all other satellites in the second orbit.
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Figure 8: Correlation between distance and relative velocity of two satellites on two different
Galileo orbits

Relative velocities with v, = (Vy, Vo 3) > 4 km/s occur and the correlated distance changes. The
most significant changes can be seen at the two largest rings in Figure [8] which would be the
nearest satellites to Satellite 1 at the crossing points of the orbits. These satellites have at the
nearest distance at D =~ 6000 km the highest velocity changes. To establish at these points an
optical link would be most challenging since the targeting of the satellite would require fast moving
optic setup. Nevertheless these satellites have the highest requirements on dynamics, therefore
this scenario defines the requirements for the distance measurement systems. Also these satel-
lites are closest to each other, which implies the highest probability to create an optical link.

All distances and velocities between satellites are oscillating continuously, even within the same

orbits. The defined distances D4, D> and D3 have within their epoch of 1 day the deviations as
illustrated in Figure[9]
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Figure 9: Excerpt of possible satellite links with correlated distances

Even within the same orbit the distances have oscillations between Dy yjn ~ 20.2 - 108m and
D1 max ~ 20.4- 108m. The distance change fits a sinusoidal function, as shown by the blue line in

Figure 9

The distances D, and D3 oscillates between Dyip =~ 6 - 108m and Diax ~ 45 - 108m.
Both distances have same the shape as well as similar amplitudes and differ only in the phase.
Therefore in future investigations only one scenario is used.

D, is the scenario of neighboured satellites on the same orbit. It can be seen/defined as the
'simplest’ way to create an optical link between two satellites. But as already shown, an distance
oscillation occurs which implies relative velocity changes and relative accelerations. These values
are shown in Figure |10| of one epoch (1day).
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Figure 10: Velocity and acceleration deviation of D

In the same orbit velocities of v,g; > 10 m/s occur. The sinusoidal shape of the velocity results in
an acceleration.
The relative acceleration between the satellites reaches a,g < 1.5m/s?.

Higher velocities and accelerations occur between two satellites in different orbits. An example is
shown for the distance D, in Figure[T1]

x

—

o
R

Relative Velocity vp, [m/s]
Acceleration ap, [m/s’]

Time [sec]

Figure 11: Velocity and acceleration deviation of D, and D3

The relative velocities between satellites S; and S5 reach values v, > 4 km/s and accelerations
a > 4m/s2. This implies higher requirements to the optical setup and to the time and frequency
transfer as well compared to the scenario of Dy.
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The example with satellite Sq and S3 is equal to the scenario S; to S4. A phase difference be-
tween the deviations can be observed.

These values are taken into account for the characterization of the measurement systems. Even
without the issues of the optical setup, any dynamic in the system challenging for time and fre-
quency synchronization.

Why choosing the Galileo mission as a reference for time and frequency synchronization?

Prior studies OCTAGON [25] and OCTAGON2 [26] showed promising results on GNSS using
optical atomic clocks. Galileo would profit in performance using only one optical clock which could
be used as master clock for all other satellites. A inter-satellite time transfer would stabilize the
whole system that less updates from ground stations would be necessary. Also the performance
for localization on earth surface would improve. The performance would increase using one optical
clock on each orbit since the time to update each satellite decrease. If more than one clock would
be active in Galileo, the possibility of time and frequency comparison between two optical clocks
would open new possibilities on science measurements, since the satellites change in velocity,
hight and position. These could be used for gravitational measurements, fine structure constant
or relativity measurements [27] [28] [29] [30].

If multiple OACs within a Galileo system are installed, the Galileo system could create a 'world
clock’, available for everybody and more stable as any clock construct on earth surface.

2.4.3 Requirement Summary of Mission Scenarios

The systems GFO and Galileo have different requirements on distance resolution. Since all mis-
sions have changing distances, the system itself must be able to handle dynamics.
The values are summarized in Table [4

Table 4: Example of two missions using high precision distance measurements

Type GFO [31] [32] Galileo [24]
Target Distances [m] | 210- 108 6-10% to 60 - 108
Distance resolutions Al < 240nm Al <1 pum
Occurring Velocities Vigl < 3M/s Vigl > 4km/s

As Table [4 shows the Galileo reference has the highest dynamic. The GFO mission requires the
highest distance resolution.

Any measurement or synchronization system uses time standards for distance calculations. Mis-
sions like GFO use Michelson Interferometry for relative distance changes. Their laser system
is stabilized to an optical cavity and is stable within short time (f > 1Hz) whereas the system
created during this thesis is based on frequency detection for distance detection. The longer the
integration time the better the distance resolution.

The distance resolution using time standards is limited to
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Ad =D ay(15)

Using e.g. a Rb-Standard to measure the distance of D = 1 m would result in a distance resolution
of Al ~ 1072m (1pm) at 1s measurement time. The resolution would increase with further
integration time. These are theoretical values since the optical setup is mostly the limiting factor
of the measurement.

Therefore there are two limits of distance determination: the used time standard and the optical
setup. The system with the lowest performance defines the limit.

With increasing distance the theoretical accuracy using time standards gets more inaccurate in
distance resolution. An illustration between theoretical resolution and time standard is shown in
Figure[T2] The requirements for the described space missions are plotted as well.

Ad(D)
[m] A

10° |
GFO ©

Rb-Standard

10°

? CC Perfomrance ?

Figure 12: Correlation between absolute distance, distance resolution and available time standard

Figure [12] shows the theoretical limit using different time standards for absolute distance mea-
surement. The measurement time to reach these performances is defined to 1s. Increasing
integration time would result in higher accuracy, with Ad o 72 [4].

The GFO mission which implies Michelson Interferometry would also be manageable with a Rb-
Standard. The Galileo scenario would require the absolute distance resolution which is also
defined by their inner time standard. The H-Maser defines the absolute distance resolution to
Ad < 1um at 1s measurement time. Using optical atomic clocks would increase the time depen-
dent distance resolution by two orders of magnitude.

For time and frequency synchronization the dynamic of the mission scenario correlates with a
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frequency shift due to movement of the target, the Doppler Effect.
The Doppler Effect [33] is defined as

1_V
Cc
fo = fo T (©)
C
with
fp = shifted Doppler frequency fo= frequencyatv=20

D
vV = velocity vector of the moving object € unit vector between measurement point and target
c

= speed of light

The Doppler Effect is highest, when the target is moving in the same direction to the measurement
point. It must then be calculated which impact the movement of the target has on the frequency
shift.

Equation can be modified to

To reach stabilities as required for any atomic clock the Doppler frequency is defined as fp =
fo(1 £ oy). This results in a velocity resolution per clock

Table 5: Requirements on velocity measurement
Clock type | oy(1s) | Avyg(1s)
Rb-Standard | 10~'2 | 332.8 um/sec
H-Maser | 10713 | 33.28 um/sec
opt. Clock | 107'° | 332.8 nm/sec

For frequency transmission within a GNSS it requires a precise velocity detection to calculate a
Doppler shift. The information of the modification of the reference frequency must be transmitted
to the target satellite or must be adapted within the prime satellite before synchronization.

These are in total the requirements which are necessary to detect absolutely an object (see Table

[). Also in dynamic systems, the measurement setup must be able to detect precisely the velocity
to enable time and frequency synchronization (see Table [5).
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2.5 FDDM Method
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Figure 13: A general Michelson Setup using fs pulses to reference path and target
The measurement of the offset of different incoming pulses can be described as

AS= nlosc_2' D_2dref

with
As = the offset when the two pulses are overlapped, or a time offset with As = cAt
losc = the optical length of the fs oscillator (Iosc = ﬁ)
n= Integer value of the pulses within the target path
D = the path to the target

dief = areference path (which can be zeroed with adequate setups)
c

D=
2

(NT + At) — dyef

()

The values T and d,¢ can be measured. The speed of light ¢ stays constant. Hence there remain
the two unknown values n and D. Therefor a two point measurement must be done. A way for a
two point measurement is to vary the repetition rate of the oscillator. An example of the correlation

between repetition rate and time offset is schematically shown in Figure [T4].
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Figure 14: Example of correlation between repetition rate and At

Thus the control and read out of the repetition rate correlates with the distance resolution.
To evaluate the time offset the FDDM method is hereby used with an comparably simple setup
and calculation effort.

To simplify the theoretical derivation the pulses are defined as Gaussian pulses. It’s clear for the
writer about the fact that short pulses of an optical oscillator are not defined by a normal distribu-
tion but by a sinc function. For the systems used in this thesis this assumption has no negative
influence since the results of the measurements fit the theory (see Section [4).

Therefore multiple pulses with time distance tp and pulse width o can be described as

1 X (t-mig)?
ft) = — e 202 6
() V2o mz=:1 6)

Using a Fourier Transformation of this signal results in

Flw) =\/2Lm / dte~ (1)

(t=mtg

1 +00 I 00 )2
.Fm(w) =% / dt e_lwt Z e 202
—00 m=1

1 e ) _(tg)? O (-mig)?
Fin(w) =5— / dte™! (e 202 + > e 2?
—00

m=2

To simplify the following calculations only the scenario for m=1 is considered
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including m pulses (Fm(w)) it seems that >° 1 = co. Each pulse includes a defined value of

m=1
energy, which is also connected to the complete output power which is constant for the system.

This means that the optical power P = Etri‘;'gy can be implemented in the formula.

w252 X )
Fmw)=Peg_2_ Y eimarfo (7)
envelope m=1
3(f-mfrep)

The result of Equation [7] shows a common definition of a frequency spectrum of a short pulse
laser. The constant P is defined as the power output. The envelope part defines, dependent on
the length of the pulses, the broadness of the spectrum. The smaller ‘o’ the broader the expected
spectrum. The sum of the complex part creates multiple harmonics at frgp = 1/1g.

The overlap of two pulse trains with equal fggp but different time offsets can be described using
two times Equation [6] Their time offset At between the pulse trains can be modified. It can be
defined that one pulse train has a time offset ‘A‘ and the second a time offset with +Tm’ visualized

in Figure[15]
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Figure 15: Overlap of two pulse trains with fggp and time offset At and its correlation in the
complex area

Because m pulses propagate the reference path equal to the target path, the variable m is equal
to both pulse trains.
This results in

oo
F(w) = e_wza Z(P1 e—imw(to—At/Z) + Pze—imw(To+At/2))

m
o i WAY2Y § g-imf
Flw)=e"z (P1e+|wAt/2 + Pze—lwAt 2) Z e~ imfto
m=1

2,2 . .
Flw) =e™7 (Pyewal2 1 Pyg ivAl2) 5(f —mingp) (8)

Equation [8| shows therefore a spectrum in the frequency area with multiple harmonics of the
repetition rate of the oscillator and their amplitude correspondent to the time offset At. As de-
scribed here, the constants Py and P, are mean power values of each pulse train. They correlate
quadratic with the electric field of each pulse which in turn is linear to measurable voltage. This
is an absolute value of the complex vectors shown in Figure Estimating ¢ <« w results in
e _, 1. Also that an optical power correlates with an electronically measurable voltage

(Px o U2), the voltage can be described as

U? = | F(w)|

U= \/ (Ug + Uo)2c082(wAt/2) + (Ug — Up)2sin2(wAt/2)

AEMIRER), (AL, Uy, Up) = 1/ (Us m + Uz m)20082(2amiRep Al2) + (Uy m — Uz m)2Sin(2nmipep A2)
where Up is the measurable value of the m-th harmonic of the repetition rate and Ux,m the mea-

surable value of the harmonic of the reference path or the target path, respectively. A simplification
can be done using a relative time offset dt = fggp - At € [0, 1] and arithmetic calculations to
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Um(dt, Us m, U m) = \/ UF m + U3 1 + 2Uq mUp mcos(m2ralt) (9)

To simplify the correlation between the time offset and the characteristic of the amplitude of the
harmonics of the repetition rate, multiple scenarios are visualized: A first simplification is the
usage of relative voltage like

Um

dUm = U1,m + U2,m

with dUe[0,1]CR

The additional assumption that all Ux m have equal amplitudes simplifies further visualizations.
Within Figure[T6]a scenario with overlapping pulses is shown.
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Figure 16: Correlation between time and frequency domain with dt = 0

The frequency domain looks like a "comb” of multiple harmonics of the repetition rate. The overall
envelope is defined by the pulse duration (see Equation[8|’c’). In Figure[16]the first 20 harmonics
are illustrated. The comb would continue to infinity (with given assumptions) but for visualisation
of the effect, the first 20 harmonics are considered to be sufficient. To characterize the behaviour
at different dt values Figure [T7]illustrates a shift from dt = 0 to dt = 0.05.
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Figure 17: Correlation between time and frequency domain with dt = 0.05

The envelope part in Equation @ lowers the amplitude of the 10" harmonic to 0 due to the dt shift.
The 20" harmonic already reaches its maximum again. The first and second harmonic are still
near their maximum. If the dt shift would be done continuously from dt = 0 to dt = 0.05 the 20t
harmonic would have shown an amplitude trend as indicated with the green dotted line, a norm

cosine function (|cos(x)[X=7)-
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The next step to dt = 0.1 can be seen in Figure[18]
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Figure 18: Correlation between time and frequency domain with dt = 0.1

The 5t harmonic decreases to its minimum 0 whereas the 10t and 20t harmonics reach the
maximum again. During a shift from dt = 0 to dt = 0.1 the 20" harmonic already oscillated two

times. The trend of the 20" harmonic from a shift between dt = 0 to dt = 0.1 could be seen in the

green dotted line with |cos(x)[}=§ =2

For illustrating a larger step dt is switched to 0.25 as can be seen in Figure[19]

Figure 19: Correlation between time and frequency domain with dt = 0.25
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At this state, all harmonics show a clear oscillation since the second harmonic vanishes and the
first harmonic also shows notable decrease. If the shift from dt = 0 to dt = 0.25 of the 20t harmonic

would have been recorded, the trend would fit the green dotted line with |cos(x)|§=(1)°”.
The maximum of oscillations can be seen when dt = 0.5 which is illustrated in Figure [20]
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Figure 20: Correlation between time and frequency domain with dt = 0.5

Important to know that this is the

In this case the spectrum equals to doubled repetition rate.
= 0 and dt = 0.5 with

symmetric case for dt. The 20" harmonic oscillated 20 times between dt
the norm function |cos(x)[X=5 207 (see green dotted line in figure .
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To clarify the amplitude trend of a harmonic, Figure[21]shows the trend for the first four harmonics
with a dt shift from dt = 0 to dt = 1.

In this example the pulses from reference path (P4 ,) and target path (P> ) have still equal
amplitudes. With this input, the oscillation can be described by

4>U"mzu2"” Unm =\/§U1’m\/cos(1 + (m2xdt)) = \/§U1,m\/m

. Um
with dUp=——7-—+—"—
m LJ1,m + U2,m
= dUpm = |cos(mmndt)| (10)
= 1fgep = 2:frep 3-frep 4-frep
1 '
0.8
19)
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Figure 21: Amplitude characteristic of the first four harmonics

In Figure [21]it can be seen, that an increasing number of harmonic correlates linear with an oscil-
lation from dt=0 to dt=1

Taking into consideration the amplitude variation of target and reference path Uy ,, and Uy o, the
signal shown in Figure 21] must be adapted. The variation of the signal with different amplitudes
is shown for the first harmonic of the repetition rate. The same behaviour would be seen at higher
harmonics as well.
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™=, U = /U2 + U3 + 2U4 Upcos(2r - di)

dt=0.5
—= U=1/(Us —=U2)? = |Uy = Uy|

_ae U1 —Ug
= dU(dt=0.5) = U0,
for the relation U4/Us = x this results in
dU(dt=0.5)=% with x € [0,1] C R (11)

Some examples for the variation of the harmonic signals are shown in Figure [22]
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Figure 22: Amplitude characteristic dependent on non equal incoming pulse intensities

The higher the difference between both intensities the lower the amplitude of the oscillation.

It can be seen that characterization of the intensity of reference and target paths must be done
precisely. The FDDM signal reacts directly from any attenuation of one signal (see Section|2.6.3).
Nevertheless an additional calculation/modification of the signal results in a signal which is inde-
pendent of signal variation in its function. This update is described in Section [2.6.1

2.6 Cross Correlations

Within this chapter two types of cross correlations (CC) are described. A CC is a correlation be-
tween two signals which depend on each other due to the measurement principle. The created
error signal can than be used for stabilization, characterization or measurements. A CC is mostly
a amplification of measurement resolutions of a system.
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2.6.1 FDDMCC

The signal shown in Figure [21]in section [2.5] gives the possibility not only to measure the ampli-
tudes of each harmonic, but also to use their amplitude (voltage) within a CC. This is then called
the FDDM CC.

The error signal for the CC is created using neighboured harmonics. As an example the 12t and
13" harmonics are shown in Figurebased on Equation

| | | | | | X\ | /A\ m /.
0.8
— 12 f
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>
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Figure 23: lllustration of the 12" and 13" harmonics and their crossing points

The harmonics mentioned here are only representative, because they are used later in the mea-
surements (Section [3} Measurement Setups, Section [4 Measurements). It could be any higher
harmonic. Most important, that two neighboured harmonics are used.

In Figure [23|the 12" and 13! harmonics are oscillating within the ’dt’ shift from dt=0 until dt =1
with the trend defined in Equation

1)  The crossing points indicate '2m+1’ equidistant dt values.
2)  The slopes of the neighboured harmonics are opposed at crossing points.

3)  The voltage value of each crossing point is singular in dt € [0, 0.5].
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to1):  The FDDM method uses one harmonic for distance resolution. The number of the
harmonic defines the resolution of the system. With an increasing number 'm’ the
dtresolution increases.

to 2):  The higher the slopes of the measurement system the better its resolution. Since the
slopes of neighboured harmonics at the crossing points are contrary the subtraction
of the harmonics increase the slope at the crossing point.

to 3):  If 'dt’ is chosen that one of the crossing points occur, only the measurement of the
current voltage results in the required dtdefinition. If a system is stabilized only on
the crossing points, the voltage value of the points results in the required 'dt’ value.

To use all the characteristics of the crossing points, the neighboured harmonics must be sub-
tracted from each other. This includes a previous separation of each harmonic and the subtrac-
tion afterwards. A common setup for this is illustrated in Figure [24] Other possibilities like lock-in
amplifiers are also applicable, but the here described setup has its advantage of its simplicity (see

Section[3.2.4)

A ) Fast Detection »|  Multiple
Unit Splitter
opt. Signal IN
v \
“X_|B P ~X_ | Band P
2= and Pass 2= and Pass
x| mfgep X | (m+1)frep
Band Pass --p» - Envelope Envelope
Detector/ Detector/
RMS Detector RMS Detector

»

Lfper  2:frep m-frep (M+1)-frep

Figure 24: Simplified overview of a possible setup to create the FDDM CC signal
The setup is created as follows:

- Fast optical detector - Multiple splitter
- Band pass - Envelope Detector
- Subtracting circuit (operation amplifier)
The optical pulses are detected by a fast detection unit. The faster the detection unit, the higher

the harmonic that can be detected. The importance of the frequency range is described after-
wards.
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A multiple splitter is used, for separating the large frequency spectrum in multiple channels. The
number of channels depends on how many other channels are required for further measurements.
Each additional channel lowers the amplitude of the signal. Splitters have variations of their be-
haviour dependent on the frequency. This is also important for later signal characterizations.

The band pass is used to separate one harmonic from the other. Special filter types (e.g. SAW
filter) are capable of filter even highest frequencies (> 5 GHz) with small bandwidths. The attenu-
ation dependent on each harmonic is mostly different.

The envelope detector is capable of measure the absolute amplitude of a carrier frequency. The
device is also available for even highest frequencies (> 5 GHz) and fast modulations (> 1 MHz).
The amplitude characteristic depends on the frequency.

The subtracting circuit subtracts one harmonic from the other. By modifying the circuit, the signal
can be balanced to create a norm function to calculate with Equation

Using the input as seen in Figure [23] and the setup shown in Figure [24] results in an output
presented in Figure [25]
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Figure 25: FDDM CC signal with 13" harmonic subtracted from 12" harmonic

As can be seen in Figure [25]the output has larger slopes as the original signal itself. The higher
the slope of the signal, the higher the resolution of the system.

Generally a system can be locked with this signal to an object by implementing the error signal
into the complete setup, that the oscillator locks its repetition rate to the distance of the object. By
reading out the frequency the distance can be accurately measured.

The FDDM CC signal varies with different amplitudes of the harmonics. Additional calculation

must be done, to ensure the performance of the FDDM CC method. As calculated for the FDDM
signal Equation [9]is used with
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Um(dt, U1 m, Uz m) =\/ Ug 1 + U3 +2Uq mUp mcos(m2nat)

Um+1(dt, U me1, Uz met) =\/U$,m+1 + U3 41 + 2U1 my1 Uz matcos((m + 1)2rdlt)

for neighboured harmonics m and m+1.

For Ugc = Um —Up,1 it results in following equation:

Uce =y/U5 m + U3 i + 2U1 mUz,meos(m2eat) = /U2 1,1 + U3 .1 + 2Us et Uz mgcos((m + 1)2mcl)

Is the CC signal used for a stabilization loop, the loop tries to zero the CC signal. This means,
the stabilization points of the FDDM CC method depend on voltages of the separate harmonic
voltages. Further calculations must be done to define exactly the position of the zero crossing
points.

With the expression Ugg 2 0 the mentioned equation can be written as

VJUZ 1 + U3 + 2U3 mUz meos(marndt) = /U2 1 + U3 .1 +2U3 Uz mercos((m + 1)2t)
(12)
To define the zero crossing points of the CC signal by a basic scenario, all amplitudes are equal
(U4 m =Uzm = Uq ms1 = Uz mye1 ). This basic scenario is defined in Equationwith

|cos(mmdt)| =|cos((m + 1)mdt)]
0 =cos((m + 1)wdt) £+ cos(mdt)

LT . 0 m s
0 = sin (Edt) sin ((Zm + 1)§dt> 0 = cos (Edt) cos ((Zm + 1)§dt)
———
=dty =dty =dts =diy
dt1 =0 dt3 =1
2n on +1
dt2=m ne[osm]CN dt4=m nG[O,m]CN

The zero crossing points can be summarized to

| ditx = ditzc = with ne[0,2m+1] c N (13)

n
2m + 1
The zero crossing points are equidistant with a separation of 2nlﬁ If a stabilization is used that
zeros the Ugc, higher harmonics also result in a more practical application since more points can
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be used for stabilization.

The slope at each zero crossing point results in the resolution of the system. For calculation of
the derivation the square root of the square cosines is used

U1,m=U2,m

vmeN Uce = \U@ (¢(1 +cos(m2rdt) — /(1 + cos((m + 1)27rdt))

1,m=Y1,m+1

U=dU, o =dU (\/COSQ(mwdt) —\Jcos?((m + 1)7rdt))>

This results in

cos((M + DAY _ 114 1ymsin((m + 1)mdt) — —OSM™I)
\/cos2((m + 1)xdt) cos2(mmdt)

OgtUcc =dU ( mwsin(mwdt)> (14)

Equation|14]is calculated numerically for each crossing point.

The repetition rate and the m-factor of the harmonic defines the slope at each crossing point.
Since the repetition rate can be modified by oscillator design, the question is, if the oscillator fre-
quency has an influence on the slope.

Therefore an example for visualization can be used:

Two oscillators have different repetition rates, but the FDDM CC method uses the same centre
frequency between their mt" and (m + 1)t harmonic. Figure [26]shows the estimated situation.

A _ f, _
I I fy I
i i | i
i i | i
i i | i
i i | i
i i | i
i i | i
i i | i
i i | i
i i | i
fl fZ // mz'fz fO (m2+l)-f2

myf; (my+1)f;

Figure 26: Two oscillators with same centre frequency but different repetition rates

In this example fo = 3-f{. The case that fy is equal for both repetition rates, is when my =3-mo+1.
With Equation[T4]the slope can also be defined by the time offset At by
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dt=frep - At = IgtUcc = datUcc - frep = at

Each repetition rate creates its own zero crossing points at dtzc x of the FDDM CC signal. Solving
Equation [26]at the zero crossing points creates multiple slopes a; x.
Using the upper example results thereinin a;o C ay 4.

This means that the repetition rate of an oscillator does not affect the slope/resolution of the sys-
tem. The active element of the resolution of the system is the center frequency fy between the

mth and (m + 1) harmonic.

Table 6| gives an example taking into account the upper mentioned circumstances.
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Table 6: Multiple CC slopes with different repetition rates
center frequency fy = 13.5

fREp=9,m=1

fREp=1,m=13

dtzc & SfRep dtzc & S fRep
0.00 0.00 0.00 0.00 0.00 0.00
0.33 8.16 73.46 0.04 84.68 84.68
0.67 -8.16 -73.46 0.07 -9.85 -9.85
1.00 0.00 0.00 0.11 83.53 83.53
0.15 -19.56 | -19.56
0.19 81.26 81.26
0.22 -29.01 -29.01
Note: 0.26 77.89 77.89
cells with same color 0.30 -38.07 -38.07
have same a; at same dt,¢ 0.33 73.46 73.46
0.37 -46.61 -46.61
0.41 68.04 68.04
0.44 -54.52 | -54.52
0.48 61.70 61.70
0.52 -61.70 | -61.70
0.56 54.52 54.52
frRep=3,m=3 0.59 -68.04 | -68.04
ditze & Nfrep 0.63 46.61 | 46.61
0.00 0.00 0.00 0.67 -73.46 | -73.46
0.11 -27.84 | -83.53 0.70 38.07 38.07
0.22 9.67 29.01 0.74 -77.89 | -77.89
0.33 -24.49 | -73.64 0.78 29.01 29.01
0.44 18.17 54.52 0.81 -81.26 -81.26
0.56 -18.17 | -54.52 0.85 19.56 19.56
0.67 24.49 73.46 0.89 -83.53 | -83.53
0.78 -9.67 -29.01 0.93 9.85 9.85
0.89 27.84 83.53 0.96 -84.68 | -84.68
1.00 0.00 0.00 1.00 0.00 0.00
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The slope at zero crossing point is independent of the repetition rate of the used oscillator. The
important factor of the slope is the centre frequency fg of the neighboured harmonics of the FDDM
CC signal. The higher the centre frequency the higher the slope.

The oscillator frequency makes no difference in the FDDM CC signal, when it's used for a stabi-
lization or distance resolution.

Higher frequencies can be of advantage, because they increase the multiple factor 'n’ of Equa-
tion 5| Smaller changes in the repetition rate create larger changes in dt, which makes is more
manageable to calculate the 'n’ factor. Nevertheless at higher frequencies the choice of the band
pass filter is limited, since less harmonics can be used. Also especially at higher frequencies, the
choice of adequate filters for neighboured harmonics could be challenging.

The zero crossing points and their related slopes are calculated by Equation[13]and Equation
respectively. Until now an estimation is done that the amplitudes of the used harmonics are equal.
This helps to defined a basic function of the FDDM CC signal. Nevertheless the harmonics signal
can vary by different electronic imperfection or the measurement environment. A change in the
CC signal can then be observed.

To simplify the estimations, Equation[12]can be divided into two different cases.

Case 1: - the harmonics of a single path (reference or target) have the same amplitude
- the amplitudes of one path are lower than the other

= U1,m = U1,m+1 U U2,m = U2,m+1

Case 2: - the amplitudes of both paths are the same
- the harmonics of a single path (reference of target) have different amplitudes

S Uim=Uom U Uime =Uome
Case 1 can appear, if the path to the target object receives an attenuation due to the long distance.
Case 2 can appeatr, if the electronic response differently on frequencies.

For case 1 Figure [27| shows an illustration in the frequency domain and the resulting harmonics
signal.

36



1
08}
o
Uim Uz me1 & 0.6
=
] ] ] ] S
! ! Uz Uzmes | >
2
] ] ] ] % 04 i I
i i H H e Y | W —12:f U U
i i i i " e i i "‘y\“;‘;“ | REP “1° 72
! ! a 1 1 i o Ui i 13, Up# U,
1-frep 2-frep mfrep  (M+1)-Frep 0.2 it t“w”\" ‘\;l\‘;‘ HRPET lg o 126 u=u |
b TR I I B IRy
! }) o v y N T T - Mt S
| I I T
oLt P TR T T O A 1 N | PO
0 ) 0.2 03 0.4 0.5 0.6 07 0.8 0.9 1

Figure 27: Case1: one path has lower intensity than the other

In Section [2.5] it is already mentioned what happens to the FDDM signal if one path is different
from the other (see Figure[22). In case for the zero crossing points Equation[12]can be simplified
by using Uy y = Uy my1 @and Up iy = U .1 Which results in

Ug ) + U3 o + 2Uq mUp mlcos(m2ndt)| = U3 ) + U3 ) +2Uy Uz mcos((m + 1)27dlt)|

|cos(m2xdt)| = |cos((m + 1)27dt)]

This is the same correlation as in Equation and therefore the dt,; values for the zero cross-
ing points can be calculated. Despite a difference between the intensities the two paths do not
change the zero crossing points of the FDDM CC signal.

For case 2 Figure [28| shows an illustration in the frequency domain and the resulting harmonics
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Figure 28: Case 2: amplitudes of m" and (m + 1) harmonics are different

Incase 2 (Uq n = Up iy and Uy myq = Uz met) Equationcan be simplified by
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2U2 +2U?7 cos(m2rdt) =2U7 . +2U? . cos((m + 1)2xdt)
1,m 1,m 1 1,m+1

1,m+
UU1”"=3”‘ U2,(1 + cos(m2rdt) = U2, (1 + cos((m + 1)2rdt))
1,m+1=Ym+1
R Uz, _ (1 +cos((m +1)2rd))
U?n+1 (1 + cos(m2xdt))

This results in

U3 cos?((m + 1)rdlt)

U2,  cos?(mmat)

Equation shows, that the zero crossing points depend on the correlation between the mt" and
(m + 1) amplitude. An illustration of the zero crossing points and the amplitude correlation can
be seen in Figure [29]
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Figure 29: Example for displacement function for the 12" and 13t harmonic

The zero crossing points receive a change dependent on the absolute amplitude of the mi" and
(m + 1) harmonic.
It also matches the limits of the function to
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lim f;c — cos((m+1)rdt) =0
Um—)o

_n+1/2

= dt 1

with ne[0om+1] C N

lim f;c — cos(mrdt) =0
Umni1—0

:>dt=n+1/2

with ne[0,m] Cc N

These results fit the origin signal of unperturbed mt or (m + 1) harmonic. For this extremes the
points are touching points and no crossing points. To illustrate the influence of each case, some
examples are shown in Figure 30

1 T T T T
-~~~ CCorigin
— CCCasel
— CCCase?2
0.5 . H
zero crossing

subtracted Voltage
o

relative Offset

Figure 30: lllustration of different cases influencing the FDDM CC signal

If the incoming pulses receive an attenuation (case 1) the slope of the CC signal is lower. But the
lock-in range, as well as the zero crossing points are the same. Whereas the influence of differ-
ent absolute amplitudes between the neighboured harmonics result in a shift of the zero crossing
points dependent on the function f;¢ defined in Equation Also the distances between the zero
crossing points are not equal.

This shift has no influence on any frequency transmission but a non negligible effect to the time
synchronization, since every dt-shift is connected with a distance offset.

Since this offset is dependent on the detection setup, it is a constant failure which must be char-
acterized.
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2.6.2 BOCC Method

To reach highest resolutions the measurement system must be updated with a Balanced Optical
Cross Correlator (BOCC). BOCC systems are already used for frequency distribution and for
lengths stabilization ([34] [35]). Since space applications are in the focus of this thesis, the BOCC
is characterized for space relevant properties.

To enable the method of BOCC the pulses of the reference and the target path must overlap.
Therefore the time offset is zeroed as illustrated in Figure [31]

Reference
1 AREN Mirror
/ t v D
— /? g

dref £

| Target

A : A A —_ Mirror

\

fs pulse |

laser | | ____H7//L ______ -

Beam
Splitter 1
|

BOCC

Figure 31: Additional BOCC setup included in the general setup

Frequency shift or changing the reference results in the modification of 'dt’. The FDDM method
simplifies the adjustment since all harmonics are at their maximum when At = 0. Pulse du-
rations of toyse < 500fs require special effort for overlap, because the pulse length correlates to
louise = 1.5um. The BOCC function is only available at this region, whereas the FDDM CC method
is applicable at any 'dt’ value.

Within the BOCC setup the pulses are overlapped in a non-linear crystal.
For the propagation of an optical wave in optical materials the total polarization P is necessary.

For higher intensities of the propagating laser pulse the energy level exceeds the linear region
and the polarization must be defined by Taylor expansion [36].

P=co (Xm E+y?: = +X(3>EE3 +0(4)) (16)

with e = vacuum permittivity yJ,j € N the j" order tensor of susceptibility:
v1) defines the linear refraction index of a material.
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v@ is responsible for second harmonic generation and sum-frequency generation.

x®) as third order of nonlinearity influences the pulse. This order is responsible for the third
harmonic generation, the four-wave mixing and the nonlinear refraction. Also the self phase mod-
ulation is included.

The second order of nonlinearity is essential for BOCC function. By using special materials or
modified fibers x(@ can be amplified so that the second order effect exceeds the first and third
order effect. The second order of polarization within a material provoked by an electric field
E(t) = Ee7“! + c.c. is defined as ([37])

P@)(t) = 2¢0 P EE* + (50X<2)E2e—‘2wt + c.c.) (17)

The Second Harmonic Generation (SHG) term can be recognized by the 2w exponent in Equation
The usage of material with a birefringent characteristics requires Phase Matching. Materials
with ferroelectricity characteristics, e.g. perovskite-type crystals, can be used by applying Quasi-
Phase-Matching.

These types of crystal posses in two directions different refractive indices: ng in ordinary and ne
in extraordinary axis [37]. This birefringence An = no—ng is also a characteristic for the behaviour
of the pulses propagating through the crystal. Because the refractive indices are different, the
optical paths are different dependent on the optical axis. This dependency on polarization implies
an additional requirement to the optical setup.

Rectangular pulses in ng and/or ne direction with time offset dt =0 create SHG when phase of the
SHG light matches the refractive index of one direction no,, = ng Or Ny, = Ne.
Two types of crystals for phase matching are defined [37]

Type | The light is converted only from one axis to another with n3:® = n°
Type Il The light of both axis are interacting with n3:® = 1/2(ng, + ng)

Type | crystals do not suit the BOCC purpose. Time shifts between pulses 'dt’ result in change of
SHG but the propagation direction is unclear. Both pulses propagate through the crystal with the
same refractive index. There is no further information about the shift between the two pulses.

Type Il is the proper choice because the rectangular axis has different optical path lengths. There-
fore the pulses propagating through the crystal result in an additional time shift which is defined
Icrystal

by the crystal length and its birefringence by Atagq = Ris-
Passing two times the crystal (forward and backward) the additional time shift is doubled.

Equation [17] shows that the conversion of the SHG light is oscillating since the phase does not
match perfectly the SHG light. Since perovskite-type crystals, e.g. Potassium Titanyl Phosphate,
have ferroelectric character the crystals can be periodically poled (PPKTP). The period of counter-
direction polling is defined by original wavelength and birefringence of the crystal with A = A’\—n .

This is called quasi phase matching and is limited to a narrow bandwidth of wavelength.
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Important to know that values like periodicity of the crystal or dimension of the converting area
are in the micro-meter area. This implies challenging handling of the used optic setup. Also the
robustness of the setup depends on the simplicity of the conversion.

As mentioned before, an additional time offset occurs during propagating forward and backward
through the crystal. This additional time offset can be seen, since one pulse is faster than the
other. Within the crystal the faster pulse pass partly by the slower one. This results in a fractional
autocorrelation of the pulses.

Forward and backward are then resulting in a fractional autocorrelation in both directions.

To have similar intensities of the SHG light forward and backward, the additional time shift must
be between the incoming rectangular pulses. An illustration of the time shift between the pulses
can be seen in Figure[32

Photo 4/
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N . Dichroic
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b e
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Figure 32: General functionality of a BOCC setup

Diode 1

The incoming rectangular pulses pass a dichroic mirror which is transparent for the origin light and
reflective for the SHG light. The light beam must be focused within the crystal. A precise adjust-
ment of the focusing lens maximises the SHG intensity ([38]) and results in a higher performance
of the BOCC setup. After forward propagating the crystal, the light must be collimated again to
reach a second dichroic mirror. The second mirror is transparent for SHG light and reflective for
the origin light. The pulses pass backwards the crystal and create SHG light again and an addi-
tional time shift between the pulses.

The SHG light is ‘filtered’ by the dichroic mirrors. Optical detection units measure their intensities.
Subtracting the measured SHG intensities of the detection units of each other results in the BOCC
specific s-shaped form.

With modification of the time shift the complete BOCC signal can be fully characterized. As can
be seen in Figure [33]the BOCC signal has its zero crossing point when the pulses have the Atyqq
before propagating.
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Figure 33: Creating the BOCC differential signal

The grade of SHG conversion defines the BOCC signal and its sensitivity (a;) at its zero crossing
point (dtzc). This is important for the performance of a BOCC system used for time and frequency
transfer.

This section is a summary of the BOCC system with general information about its functionality.
The main focus is the complexity of SHG generation and detection. Polarization, precise optical
setup and SHG generation of pulses with tyse < 500fs is resulting in a complex system.

2.6.3 CC Resolution

The signal output of any CC setup results in a distance resolution, since any shift of the repetition
rate can be recorded/stabilized. The slope "ax” generated by any system (FDDM CC or BOCC)
the intensities defines the resolution of the system with

_ AU AU _ AU

As=— = At= - (18)
as c-as &

Two different types of slopes can be implemented:
The slope dependent on lengths variations ag in 2oL
or the slope dependent on time variations a; in

second*

Dependent on the required value, as (for distance resolutions) or a; (for time/frequency resolu-
tion/distribution) can be used. Typical values in this thesis for ag are in the range of % and for a;
is within the range of Y.

Also an important fact is that every As and equivalent At is correlated with the time resolution of
the system between two points. Assuming that the the path between to points is known within As
the transport of a signal with optical pulses refer to a uncertainty of the time in At/c. Therefor it
can be defined that
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The value 7 is hereby the integration time of the measurement. This equals to the Allan Deviation

As
oy(r) = hAt= "~ (19)

In conclusion any measurement system with a time / length resolution better than a local oscillator
is usable for time and frequency transmittance.

It must be mentioned that a time/frequency transfer can only be as good as the frequency source
on which the system is stabilized. The here mentioned methods for time and frequency transfer
are therefore “only” links between two points. Aim of the setup is to create a connection between
two points for time and frequency transfer without any loss of information or stabilization.

Since frequency transmittance depends on the deviation of the lengths resolution, the time trans-
mittance results directly from the absolute distance.

The information of length jittering / frequency jittering can also be used to characterize the optical
oscillators.

Each CC system creates a slope ag or a; where the signal depends on voltage.The higher the jitter
of the voltage, the higher is the inaccuracy of the system. When a stabilization loop is installed,
the measurement of the failure signal results in the possible stabilization limit of the oscillator with

(el

Al As AU fmax
ry=a =222 and o=y [Tarsy) (20)

The power spectral density (Sy(f)) can hereby measured using the recorded failure voltage of the
stabilization system.

In summary the slope of the error signal of FDDM CC or BOCC (ay) result in time and frequency
resolution for the pulse dependent measurement system. This is the main characteristic of any
system. The value of ay defines the whole applicability either distance resolution or time and
frequency transfer. Main target is to create highest slopes for most precise systems and handling
with these slopes for measurements and stabilizations.
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3 Setups and Characterizations

In this section a detailed overview of the different measurement setup is given.
In Section [3.1] the optical oscillators used in this thesis are described and characterized. These
two used oscillators use two different types of technologies as well as different stabilization units.

Afterwards in Section[3.2]the used electronic setups especially designed for this thesis are shown.
General electronic devices (frequency counter, electronic spectrum analyzer, analogue devices)
are not further described.

In Section[3.3]the interaction between the electronic and the used optical oscillators are explained,
to get an overview how modification and stabilization of repetition rate is done.

Since some free beam setups are necessary for measurement and characterization Section
describes those setups and their modifications.

All setups are especially designed to fulfil the requirements defined in Section This implies
not only the measurement performances. Since the systems are predefined for space applications
also compactness, robustness, automation and handling are in the focus of their design.

3.1 Optical Oscillator Characteristics

Within this thesis two different types of optical oscillators are used. Both oscillator have short
pulses with pulse durations about 300fs. For amplification of the pulses the element Erbium is
used with its maximum amplification at 1560 nm. The oscillators use Polarization Maintaining
(PM) fibres. Handling with polarization dependent effects is easier using PM fibres compared to
standard single mode fibres.

3.1.1 SESAM Oscillator

The function of the first oscillator used in this thesis is based on Semiconductor Saturable Absorber
Mirror (SESAM).

This oscillator is already used in a further study described in more detail in [20].
Some excerpts are shown here to have an overview of the system, and how to use it for measure-

ments.

The simplified setup of the SESAM oscillator is illustrated in Figure [34]
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Figure 34: simplified setup of the used SESAM oscillator

The oscillator itself consists of an input fibre for a pump laser. Wave Division Multiplexers (WDM)
connects the pump laser with the inner circle or to separate partly the created pulses to the output
fibre. The ring contains PM fibre, Er doped PM fibre for amplification, a SESAM mirror for mode
locking, a Synchronization Box (SynchBox) for modification of the repetition rate and an optical
circulator. Since reflections back into the oscillator creates disturbances in function, an optical
isolator prevent from backward propagating photons. This oscillator has also two optical outputs
created by an optical Coupler (CPL).

The ring oscillator is pumped by a 980 nm pump diode which is controlled by a laser diode driver.
The oscillator contains the SESAM to create short pulses. To start mode locking, the pump diode
is modified. Once mode locking is achieved, the pump power can be shifted to modulate the out-
put power. A detailed description can be found in [20].

Within this thesis, the pump power is not modulated in short time (f,og < 1Hz). This would be
necessary when the oscillator is updated to use as an optical frequency comb. The Carrier Offset
Frequency can then be modulated and stabilized.

Within this thesis ‘only’ the optical output power is important for further applications. Thus the
pump power is set at the beginning of each measurement setup and then kept constant. Impor-
tant to know that this oscillator is sensitive to pump power jitter. Pumping jitter results in jitter of
optical output power of the oscillator. This has an influence on the FDDM method, since the am-
plitudes of the multiple harmonics are influenced by the jitter. The less jitter the optical oscillator
generates, the better the resolution of the FDDM method (see Section [2.5). Therefore the pump
diode is set to a point where less jitter occurs.

The created pulses propagate also to the SynchBox which is used for frequency modulation.
Figure[3.1.1| shows the setup of the SynchBox and lists the frequency modulation.
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Figure 35: Synchronization Box for repetition rate adjustment

As can be seen in Figure the SynchBox is the only part within the oscillator which is not
in fibre. The pulses propagate a collimator and are reflected back into the collimator by a gold
mirror. The collimator itself is mounted on a piezo crystal. The gold mirror is mounted on a piezo
crystal as well. A piezo slip stick drive can be used, which moves the whole gold mirror setup.

The piezo slip stick drive has the largest frequency shift of all three piezo elements. The repetition
rate can be changed up to 185 kHz. Since the drive moves the mechanical setup, the modulation
frequency is slow. Therefore it is used generally only for rough frequency adjustment and then
kept constant. This is important, since the frequencies of both optical oscillators must have equal
frequencies if frequency stabilization is need.

The piezo element connected with the gold mirror is then used for stabilization of the repetition
rate. The modulation frequency is limited by the used high voltage piezo driver to f,oq < 1kHz
which is sufficient for stabilization since the frequency stability is less than 1 Hz. And the fre-
quency range of 350 Hz is also sufficient to be stabilized without time limit.

The complete oscillator is within an aluminium housing. Since temperature fluctuations cause fre-
quency shifts, the housing is temperature stabilized using a temperature controller. The housing
temperature can be kept constant within AT < 0.01 K. The temperature control can also be used,
to manipulate the repetition rate of the oscillator.

3.1.2 CNT Oscillator

The second oscillator used in this thesis is based on the Carbon Nano Tube (CNT) technology for
mode locking [39] [40].

This technology promises a simple handling compared to other mode locking systems (SESAM).
A fibre connector can be covered by a CNT solution which is covered again with a protection
solution. By closing the ring of the fibre connector the oscillator is ready. Of course dispersion
management and exact frequency determination are challenging. Within a further master thesis
the oscillator is created and characterized [41]. Here only its mayor characteristics are shown.

The setup is shown in Figure [36]
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Figure 36: simplified setup of the used CNT oscillator

The CNT oscillator is designed as a ring oscillator (same as SESAM oscillator).

As can be seen in Figure [36] the oscillator design is simpler compared to the SESAM oscillator,
since less passive components (circulator, WDMs) are used. The pump laser is connected with
a Wave Division Multiplexer. This WDM is also capable of act as a in fiber coupler. A part of the
generated pulses are separated from the ring as an optical output.

The pump laser reaches a Erbium doped fiber for amplification. The CNT covered fiber connector
is then responisble for mode locking. With the pump power the mode lock can be activated. Once
activated, the output power of the oscillator can be modulated by changing the pump power.

The ring length correlates with the repetition rate of the oscillator. The SESAM oscillator with its
frequency about 79 106 000 MHz ([20]) is the target for the frequency of the CNT oscillator. The
fibre ring is installed within an aluminium housing. Its temperature is kept constant using a tem-
perature controller to AT < 0.01K.

For stabilization of the repetition rate in short time a piezo stack is connected to the ring as can
be seen in Figure[3.7.2

Piezo Stack
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A
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>

/'
Glue Dots max. Frequ. Shift | Stroke | Bandwidth
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Figure 37: Piezo Strecher for repetition rate adjustment
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The fibre of the ring is pretensioned and glued to a piezo stack. If voltage is applied to the piezo
stack, the repetition rate lowers. By using a fiber loop the frequency shift can be doubled. The
piezo stack has a frequency shift of 800 Hz using voltages up to 150 V. The control bandwidth is
limited by the high voltage piezo driver to f,oq < 1kHz. This is sufficient since the frequency
stability of the oscillator is less than 1 Hz.

The repetition rate of the CNT oscillator can totally be modified with housing temperature in long
time within several kHz and in short time by the piezo strecher. Nevertheless the CNT oscillator
is not as flexible in frequency as the SESAM oscillator with its SynchBox. Therefore if both oscil-
lators are used, the repetition rate of the SESAM oscillator is modified (piezo slip stick driver) to
reach the CNT repetition rate.

CNT oscillators are still in development phase. The handling of the CNT layer with protection
cover is challenging. A mode lock state is comparatively easy installed, but imperfection at pro-
duction or long time usage result in a degradation of the CNT layer. After long time usage, the
CNT layer looses its mode locking property.

But the CNT technology has its advantages in simplicity, handling and performance. To create a
passive mode locked laser manageable hardware requirements have to be observed (CNT liquid,
cover emulsion, dispersion control and length control [41]). Also the usage of PM fibres creates
the possibility of polarization dependent applications. In contrary to the SESAM oscillator this os-
cillator is completely in-fibre (no SynchBox) and therefore robust against mechanical influences.
During the tests, the oscillator shows less correlation to pump jitter, which is an additional advan-
tage for the FDDM method.

By further development of this technology the disadvantages can be improved or solved, thus the
technology promises a money saving opportunity with highest performances for any applications
on ground or space.

3.2 Electronic Devices

For control of the oscillator and for different measurements, electronic devices are specially cre-
ated. The overall performances are described in this section. Some interesting facts are explained
in more detail in the Appendix. If the reader is interested in the completely detailed hardware
setup, further references are mentioned in this section as well.

In Section a synthesizer board is described which is designed for low noise applications.
The board is additionally implemented for multiple other boards as well.

Since frequency measurement is an important factor for frequency transportation a frequency
comparator is designed, which is described in Section

For the FDDM method a FDDM Board is created. Its setup is described in Section|3.2.3

To create the FDDM CC signal a Subtracter Board is created, which is shown in Section(3.2.4
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3.2.1 Low Noise Synthesizer Board

The used oscillators are not specificly designed for a ‘common’ frequency like a multiple of
10MHz. The frequency of the oscillators is about 79106 500 Hz. Since the frequency is abso-
lute necessary for precise measurement, the generation of the frequency must be done equally.
Therefore a synthesizer specially created for this purpose fulfils the required stabilities and accu-
racies with the combination of compactness and possibility of variability.

The requirements for the synthesizer board are:

- best frequency stability - frequency flexibility
- automated function - applicable for space

A simplified overview is shown in Figure [38]

Control
Programm
A
’ - > fsyn,l/N
Data ¢
Frac.N. U, Loop U, :
. > ’ V : . n
Synthesizer Filter CO ; foymi
Y
7y
i Data L frer1
Microcontroller K ,
v REF,2
Frac.N. U, Loop U, .
Synthesizer " Filter > VCO > fo
Synthesizer T
Board
> fsyn,Z/N

Figure 38: Schematic setup of the designed synthesizer board

Frequency sources are ultra low noise Voltage Controlled Oscillators (VCO). They are controlled
by a fractional N synthesizer which is a digital device with multiple functions ([42]). The control
loop of synthesizer and VCO is closed by a loop filter which is essential for the overall perfor-
mance.

The frequency input can be any frequency source: Frequency Standards (Rb-Standard, H-Maser)
or the repetition rate of the optical oscillators itself.

Since the synthesizer requires digital input for controlling, a micro controller is used for primary
programming of the synthesizer. It also is used as interface between synthesizer and control pro-
gram. For simple usage, the control software is programmed with LabView.

For best frequency stabilities, ultra low noise VCOs are used. Generally the frequency of a
high stable oscillator stays constant over longer time (t > 15s). Thus VCOs are in use with low
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modulation frequency fn,,q < 100 Hz which results in low phase noise performances. Standard
noise characteristics of VCO used in this thesis are S¢(10Hz) < —80dBc/Hz and Sg(1 MHz) <
—150 dBc/Hz.

The control of the VCOs is done by Fractional N Synthesizers. Their advantage is the fre-
quency resolution of 38bit (=~ 2.7 - 10'"). This enables any fine adjustment of frequency. The
N-Synthesizer is also capable for frequency division by 2" with n € {0,1,2,3,4,5} ([42]). The
fractional part is then a short pulse output as can be seen in Figureby fsyn,x/N.

The frequency flexibility is in conflict with the stability of a VCO. The higher the frequency range
of a VCO the higher the phase noise. Therefore one synthesizer board contains two VCOs which
create a multiple frequency output. Following frequencies are available.

fo of VCO [MHz] | fg/2[MHz] | fo/4[MHz] | fo/8[MHz]
400 ~5-fpgp | 200 100 50

640~ 8 -frgp | 320~ 4 -frep | 160 ~ 2 - frep | 80 ~ 1 - frep
960 ~ 12 -frgp | 480 ~ 6 -frep | 240 ~ 3 -frep | 120

With this combination of VCOs every necessary multiple of repetition rate can be generated. All
VCOs have sufficient frequency shift, to reach the specific frequency of f = x - 79 600 500 Hz [20].
Also if a comparison with a frequency standard (H-Maser) is required, 100 MHz can be generated.

An important part of the Synthesizer Board is the Loop Filter and its correlation to the connected
oscillator type (VCO or optical oscillator). The issues and its management is described in more
detail in Appendix[C]

In summary a Synthesizer Board is created for highly stable frequency generation. The mea-
sured frequency stability of oy(1s) = 2- 10713 is sufficient for the applications within this thesis.
The frequency adjustment is done automatically with a software controlled micro controller and
the digital synthesizer. To create variable frequencies with high stability, the board is set up with
various VCOs. The synthesizer internal divider allows to create all necessary frequencies. It can
be also adapted to be connected directly to an optical oscillator. All used electronic devices are
available for space applications with space qualified devices.

3.2.2 Frequency Comparator

For verification of the Synthesizer Board a phase comparator is used (see Appendix [C| [43]).
This phase comparator has only the possibility of a 100 MHz input as reference and measur-
able frequency. This is not applicable for further measurements since the optical oscillators have
frequencies at about 79 MHz which can vary up to 185kHz. Therefore a low noise frequency
comparator is created to measure every occurring frequency with the same resolution that the
stability of the synthesizer board.
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The frequency comparator is designed and created within a Bachelor Thesis [44] which was ini-
tiated and supervised by the author of this thesis. The excerpts here are an overview describing
the specific functions.

The name ‘frequency comparator’ is different from the high precise phase comparator, since with
this setup frequencies are compared. The phase comparator defines its input with 100 MHz and
the phase difference between the reference and the input is monitored.

With this setup, the frequency itself is monitored with high precision. The general principle can be
seen in Figure[39]

? f ency Comparator ‘
frep ; [ Feenee N FPGA < 3 > Control
: . : Data Programm
' Mixer ' J
i 1kHz A4 ;
; BP :
i frep+Of 3
Control ;
; Synth Board [« - '
; Signal ;
fREF i\ T ;

Figure 39: Schematic setup of the high resolution frequency counter

For autonomic functions, a Field Programmable Gate Array (FPGA) is used. Its advantage lies
within its speed of data administration, data control and the communication with other software
and hardware. The FPGA as a simplified processor has the possibility to create a complete au-
tonomous device which can be adapted to any electronic function. Since space qualified FPGAs
exist this board is also adaptable for space applications.

The frequency comparator board has two inputs. One is the reference signal (e.g. 10 MHz of
Rb-Standard) and the second is the frequency which is to be measured (e.g. repetition rate of the
optical oscillator). The reference input serves for the synthesizer and for the FPGA whereas the
FPGA has itself an additional 200 MHz reference quartz oscillator.

For a rough frequency measurement the repetition rate is measured directly by the FPGA using
the method of a reciprocal frequency counter [45]. Within 10 ms the frequency can be measured
with an accuracy of Af < 60Hz. This rough frequency count is necessary to adapt the Synthe-
sizer Board. In parallel the frequency measurement of the FPGA continuous.

When the frequency is roughly known the synthesizer board is adapted to the repetition rate, with
an offset of about 1kHz. As mentioned in Section the synthesizer board creates frequen-
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cies with stabilities until oy(1s) =2 - 1013, This frequency is then mixed with the repetition rate.
The created interference frequency fig is filtered with a bandpass with its centre frequency at
pr = 1kHz.

The repetition rate can be described as

NiE
FPGA
GA

fREP =f||: + fsyn with f”: =

where
Nig is the counter value of the interference signal (1 kHz, Njg(1s) = 108)

Nepga  is the counter value of the FPGA reference signal (200 MHz, N,e¢(1s) = 2 - 108)
fEpGA is the FPGA internal reference signal (200 MHz)

The duration of the GATE time is coupled to the frequency which is to be measured. The start time
of the GATE timer is connected to the input frequency fjg and starts counting until the predefined
integer Ni is reached (reciprocal frequency counter). In parallel the counter of the reference
frequency fppga starts as well. When Njg is complete the FPGA calculates with the prior defined
equation the frequency fig, and continuous the next measurement.

Since Njr stays constant, the error of this measurement method is defined by the counter value
Ngpga. The integer failure can be maximum 1 counter value. This results in a failure of

NiF —ANppga
fie = F e oaa = Nipfepga ——o FPGA
NepafIF = ONepaa Nepay FPOA = NiFfFPGA NZoos
AN
= Afjg =fp = -FPGA
NepGA

with f||: = 103HZ NFPGA(1 S) =2 108 ANFPGA“ S) =1
Afp(1s) =5-1078Hz

The accuracy of a 1 s measurement time can be calculated with

Afj + Af
oy(18) = Afffg = M

0
Afig(1s)  5-1078Hz Afsyn(1's)

=6-1071 =2.10718

fo, ~ 8-108Hz fo
= oy(1s) <3-10713

The noise of the synthesizer board is about three times higher than the error signal of the re-
ciprocal frequency counter system. The system of the frequency counter could also be used to
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measure H-Maser frequency without loss of information.

In summary the frequency comparator is specially designed for the application of repetition rate
detection. lts measurement speed and its automatic function are the two highest advantages of
this device. All occurring frequencies within this thesis can be detected using the internal synthe-
sizer board for creating an interference frequency which is then precisely detected by a FPGA.
The frequency is continuously measured and the data is communicated to a software program
(LabView) which calculates the frequency. The measurement rate of this frequency comparator is
limited to the interference frequency fi.

3.2.3 FDDM Board

The FDDM Board is an essential part of all electronic devices since every further development
(FDDM CC) is done after having the possibility to measure several harmonics independently of
each other. The description how to measure the FDDM signal is already given in Section [2.6.1
This section describes the setup and characteristic of the FDDM Board in detail.

This board is designed and created within a Master Thesis [46] which was initiated and super-
vised by the author of this thesis.

The task of this device is to separate several harmonics from each other and create an output
who is related to the amplitudes of the harmonics. The created setup is shown in Figure [40]
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HF low noise } " v \
Band Pass i i
Amp . Band Pass SAW Filter SAW Filter
' > >
' % 80MHz 160MHz == | 960 MHe = | 1040 Mz
. (1feee) (2-frep) (12-fgep) (13-fre)
Band Pass H .
. HF low noise HF low noise HF low noise HF low noise
P - ' v power power power power
H Amp Amp Amp Amp
Envelope Envelope Envelope Envelope
' Detector/ Detector/ Detector/ Detector/
:[_RMS Detector RMS Detector RMS Detector RMS Detector
>
e 2frer 12fpep 13-Fep R e L L CE L LT CUT L LT PP PR LTt SETEr PR R PO PP R ST e PECTEPEEE R ‘
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Figure 40: Schematic setup of the FDDM board for harmonic separation and detection

The input for the FDDM Board is the broad spectrum of the fast detection unit. The signal is
divided in four different paths by a broadband frequency splitter. After the splitter there are band-
pass filters which select one specific harmonic for each path: 15t 2nd 12th {3t Afterwards the
separated harmonics are amplified. The amplitude detection is done by a envelope detector which
has multiple outputs for measurements.
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A main focus lies in the balance of the amplitudes of the 121" and 13! harmonic since with them
the FDDM CC signal is created. Nevertheless the amplitude management of the first and second
harmonic is also important to receive clear voltage measurements.

The general hardware setup and its issues dependent on amplitude variations are explained in
Appendix[D] Target is to reach high Signal to Noise Ratio (SNR) from each harmonic including a
similar/equal amplitude.

In summary a device is created which separates the 15!, 2", 12" and 13! harmonics. The
amplitudes are controlled that after the envelope detector voltages of Uy, =~ 2V are reached.
Two outputs are available: one for precise measurements or stabilizations (Ugny) and one for
additional monitoring (Ugms)- The modulation bandwidth of the harmonics is with f,oq > 1 MHz
sufficient for any application in this thesis. The amplitudes of the harmonics are not completely
equalized which must be done afterwards with the Subtracter Board, described in Section|3.2.4
Since all electronic devices are available with space qualification the board can be adapted for
space applications.

3.2.4 Subtracter Board

The Subtracter Board is compared to the other electronic devices a simple setup. It contains an
operational amplifier, a Proportiaonal Integral and Differential (PID) controller, an offset and gain
controller and a low pass filter.

Nevertheless the modification of the amplitudes of the harmonics is an essential part of the func-
tionality of any CC method (FDDM CC or BOCC). Therefore this board must be designed properly
for each application.

The setup is illustrated in Figure [41]

ou
]
U,
R, - [
Subtr. Offset & ~_ | Stab.
Signal PID Gain N\ [signal |
. 1kHz
Low Noise Low Pass
Amp.

v

Figure 41: Overview of the subtractor board to create a stabilization signal

The operational amplifier is designed as a subtracter of the inputs U; and U,. The subtracted
signal can be modified by changing the resistors values with
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The adjustment of the subtracted signal is especially important for the FDDM CC signal as de-
scribed in Section Since the voltage outputs of the FDDM Board have no equal amplitudes,
the adjustment has to be done with the resistors. Target is to modify the subtracted signal to a
norm FDDM CC signal. Also amplification of the CC signal to receive higher slopes is done with
this setup. A Subtracter Board is then adjusted to one specific FDDM Board.

For the BOCC setup, the Subtracter Board is less crucial since the electronic outputs of each
photo diode (forward and backward) can be amplified directly at the measurement device. Even
when amplitude inequality influences the absolute distance resolution, the failure is minimized by
the pulse duration itself.

The subtracted signal is divided into an output for monitoring and to PID controller. The monitoring
output is used to measure the origin CC signal. CC slope and zero crossing points are defined by
this output. Dependent on the resistor values, the CC signal gets its characteristic.

The PID controller values depend on the slope of the CC signal and must be adjusted to each
oscillator. Since the overall modulation frequency is limited by the piezo stacks to ’only’ 1 kHz the
D-part of the controller is not in use.

Since Ugpyr. varies between +5V and the high voltage amplifier for the oscillators can only handle
positive voltages, the PID output is modified by an offset and gain unit. The output signal should

Finally the output signal is filtered by a 1kHz low pass filter. The high voltage amplifier of the
oscillators limited to this modulation frequencies. To avoid additional noise for stabilization also
the voltage is filtered.

In Summary the Subtracter Board contains simple electronic devices compared to the other cre-
ated devices. Its input are two voltages from the measured harmonics of the FDDM Board
or the BOCC setup. One of its output is a stabilization signal for high voltage amplifiers with
Uout € [0V, 5V]. The second output is a monitor signal to control the stabilization performance.
Even if it is a comparatively simple setup, it has a very strong impact of further stabilizations,
since the CC signal is modulated within this device. Also necessary is the usage of low noise
electronics that the electronic is not the limit factor of any stabilization.

3.3 Interaction Oscillator and Electronic Devices

The two different oscillators are installed within a setup which is then defined as 'Oscillator Setup’.
Each setup has then similar controlling, stabilization inputs and outputs:
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Controls Inputs Outputs
Pump Power | Stabilization Signal [0V, 5V] 500fs Pulses, Prys < 10mW

Temperature | Piezo Driver Input (for SESAM Oscillator) | x - frep, Pout & +5dBm

The two Oscillator Setups are similar in performance and handling. This enables fast transposi-
tion between two systems since interfaces are equal. Some measurements need high frequency
variability (SESAM oscillator), others need low jitter performance (CNT oscillator). Or a measure-
ment can be verified with both systems.

The setup can be seen in Figure [42]
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Figure 42: Setup to stabilize the oscillator with a stabilization signal

For repetition rate stabilization a Rb-Standard is used. Its performance is limited to oy(1s) = 10712
(see Section [2.2). The frequency generation is done by the synthesizer board or a frequency
generator. The frequency generator has even more variability but with less performance. Both
systems generate a frequency which is a reference for the repetition rate. A PID controller is
necessary to stabilize the repetition rate to the created frequency.

By modification of the synthesizer board, the control of the repetition rate is also possible without
additional PID controller and VCO.

Both possibilities to lock the repetition rate to the Rb-Standard are illustrated in Figure [43]
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Figure 43: Two possibilities for a stabilization unit for the oscillator setup

In Figure a) a standard system for stabilization can be seen. A frequency generator or the
synthesizer board can be used to create the required frequency. A PID controller receives the
input of the generated frequency and the repetition rate. The controller output is then adapted to
the controlled oscillator.

In Figure [43| b) the voltage output of the synthesizer is connected to the oscillator system after
the loop filter: using the optical oscillator instead of the VCO (see Figure [38). Since the optical
oscillator has very low phase jitter (Sy < 1fs) the adaption of the loop filter is simpler compared
to a VCO because a lower noise figure must be handled. The PLL to control the repetition rate is
then designed especially for one optical oscillator.

Because the synthesizer has a voltage output of Uyt € [0V,5V] it is ready to use.

The disadvantage of the direct use of the synthesizer is that the synthesizer is not designed to
handle low frequencies (frep < 300 MHz). Therefore the 4" harmonic is selected (fy ~ 316 MHz)
and stabilized with the synthesizer system. Creating adequate frequency filters is still manage-
able at this frequency without special HF hardware.

3.4 Free Beam Setups

Within the complete setup some free beam parts are used. These are necessary to verify the
FDDM method, the BOCC and the stabilization of a defined lengths. Also different measurement
methods need different optical setups.

3.4.1 Michelson Setup

At the beginning of Section in Figure [13]it is already mentioned that a Michelson Setup is
required for any measurement method. Figure [44] shows the Michelson setup used in this thesis.
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Figure 44: Michelson Setup to modify different path lengths and for measurement of FDDM signal

The setup is as typical as any Michelson Setup. The incoming pulses transmit through a beam
splitter (BS) and are separated on the reference path and the target path. The reference mirror is
coated with gold to ensure reflectivities > 95% at 1560 nm .

The way to the target passes a rectangular mirror construction to another gold mirror.

The target and reference mirror are adjusted, that after passing the beam splitter again, the pulses
ways are overlapping.

The translation stage is used, that the target path can be modified in lengths. The lengths modu-
lation is required, to verify the signal change of the FDDM signal or the CC signals. Two different
translation stages are used. One can be moved over 2cm with step sizes about 1um. The other
has a slide length over 30 cm with a resolution at about 100 nm. The stages are not used in paral-
lel. The last one is used only, when highest resolutions are required (BOCC). Otherwise the first
stage is in use.

As can be seen in Figure [44]the pulses have to propagate two times the mirror construction which
results in a doubled movement of the translation stage.

The movement of the translation stage is controlled by a control unit which can be operated man-
ually or by a software program like LabView.

It is also possible to add another optical input. Hereby the reference mirror is used as an adjust-
ment mirror for the second incoming pulses. The additional optical input can be a second optical
oscillator or the input from a fibre extended path. This is necessary if a stabilization of a fibre or
another oscillator is required.

The next Michelson Setup is nearly the same with the exception, that polarization is important.
The additional optics are illustrated in Figure [45].
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Figure 45: Michelson Setup with polarization dependencies for BOCC measurements

The additional optic components are the polarized beam splitter and the lambda/4 plates. Since
a pm fibre is used for pulse propagation, the collimator for the incoming pulses can be rotated,
that the polarized beam splitter divides the pulses in the two directions. After the polarized beam
splitter, the two time passing of the pulses through a lambda/4 plate rotates the pulses by 90 that
after the polarized beam splitter, the way of the pulses overlap again.

It is necessary that the pulses of the different paths have a perpendicular polarization.

This setup can also be used if the polarization status is not required. With the lambda plates, the
intensities can be controlled precisely, to ensure, that from each path the intensity of the pulses
are the same.

3.4.2 BOCC Setup

The BOCC setup is also a free beam setup.
An overview can be seen in Figure [46]
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Figure 46: BOCC setup

The incoming perpendicular pulses propagate through an adjustment setup of different gold mir-
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rors, to have multiple degrees of freedom for adjustments. After the mirrors, the pulses pass a
dichroic mirror with transparency at 1560 nm and a reflection at 780 nm.

Since the pulses have an optical diameter of multiple mm, they must be focused for the PPKTP.
Also the information of the waist results in the efficiency of the frequency doubling effect. The
PPKTP crystal has a lengths of 4 mm. With Equation [38] (see Section the waist can be
calculated to wg = 18.6 um. As can be seen by this value, the optical adjustment for the focal point
into the centre of the crystal may be time consuming, even when the crystal is installed on a 3D
translation stage. Also the sensitivity to mechanical disturbances makes it challenging to maintain
a long time function. This is one of the biggest disadvantage of the BOCC system that the optical
handling is much more complex compared to the FDDM setup.

The crystal is coated on the other side with a dichroic coating, that reflects 1560 nm light and
transmits 780 nm light. The 1560 nm pulses are then reflected back and pass a second time the
PPKTP crystal. The 780 nm generated pulses pass the coating to a second focusing lens. This
lens is not as crucial as the first focusing lens since the frequency doubled pulses must be de-
tected by the fast detection unit, which has a larger detection area as the crystal.

Back reflected pulses at 1560 nm create the 780 nm pulses which are then separated from the
1560 nm pulses by the second dichroic mirror. A fast detection unit measures the incoming 780 nm
pulses. Since only the absolute power of the frequency doubled light is necessary, the signal is
low passed at 100 kHz.

Any frequency modifying element of the oscillators (piezo elements) have modulation frequencies
fmod < 10kHz. Higher frequencies often disrupt electronic devices, that faster frequencies are ter-
minated with the low pass filter. The low pass filter also creates a mean value of the pulse powers.

With this setup, two voltages are created which are used to stabilize the time between the per-
pendicular pulses. The voltages Uy and U, depend on the time shift between them.
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4 Measurements and Interpretations

The FDDM method and the FDDM CC method are two new approaches of distance measure-
ments and time and frequency distributions. Their characterization and applications are shown
here. For comparison a BOCC setup is created. Since highest performances are expected of the
BOCC it serves as reference for major aspects like performance, handling, robustness ... .

First the proof of concept is shown in Section [4.1]including verification, characterization and ap-
plication, not only within static systems but in dynamic scenarios as well.

In Section[4.2)the BOCC system is created, verified and characterized also for space applications.
The FDDM CC signal is then described in detail in Section Measurements and first stabiliza-
tion applications are also shown in that section.

Since the main focus of all systems is within space applications (Galileo, GFO) the performances
of the systems are summarized and compared with the two space missions (Section[4.4).

4.1 FDDM Method

The first measurements are done to prove the FDDM method. Therefore the basic signal is
characterized and afterwards the first application for distance measurement is shown.

4.1.1 FDDM Verification

To prove the FDDM principle, a basic setup is created with a stabilized oscillator combined with a
Michelson setup and a fast detection unit.

The proof of concept is done within a Bachelor Thesis [47] which was initiated and supervised by
the author of this thesis.

The target mirror is moved manually since the translation stage covers only two time 30 cm but the
values dt € [0, 1] correlate with a length between [0 m, 3.79 m] at a repetition rate of 79.106 MHz.
An overview can be seen in Figure |47,
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Figure 47: Schematic setup for verification of the FDDM method

By moving the target mirror the FDDM signal can be clearly defined, since distances are mea-
sured with measuring tapes and can easily be changed. The read-out of the harmonics is done
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by a electrical spectrum analyzer, to receive the behaviour of multiple harmonics.

This is the verification of the FDDM principle. The measurements can be done between the
distance of [0m, 3.79/2m] because the FDDM signal is symmetric to dt=0.5 (see Section [2.5).
The results can be seen in Figure [48]
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Figure 48: First measurements for verification of the FDDM principle

The measured points fit the predicted signal trend. The spots have a large uncertainty since the
method using a measurement tape in the setup has a larger inaccuracy.
Figure [49) shows some examples of the measurement using the electronic spectrum analyzer.
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Figure 49: Electronic spectrum of the recorded first harmonics
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At the left side of Figure |49 the voltage of the overlapped pulses (Um) is shown and the single
paths (U1 m and Uy i) in dotted lines. The overlap (Um) is here the reference at dt = 0.
At the right side of Figure [49]the relative offset is shifted to dt ~ 0.1, dt ~ 0.3, dt ~ 0.5.

The behaviour of the amplitudes show, that the FDDM principle fits the theory shown in Section
[2.8land can be used for further measurements.

4.1.2 First Fibre Measurement

The FDDM method is working and should be shown at larger distances. The Michelson Setup is
replaced by an optical fibre in combination with an in-fibre mirror and two fibre coupler. The setup
is shown in Figure [50]

EIeStk;cf;\ics > OscSetup PM Fi
bre Fipre
Spool Mirror
v
Frequency
Counter Michelson
Setup
Fast Electrical
Detection > Spectrum
Unit Analyzer

Figure 50: Setup for length measurement of an unknown fibre

To make use of the advantage of PM fibre oscillators, the whole setup is created with PM compo-
nents. To split up the pulses in two directions a PM coupler is used. It facilitates the handling and
increases the robustness of the setup, but since the reference path is the difference between two
fibre lengths of the coupler, it can not be measured clearly. Measurements with the measuring
tape have shown path differences below 1 cm between the arms. This is then the uncertainty
used in this and the following setups.

The Michelson setup has been modified, for two fibre inputs.

The SESAM oscillator is placed in a thermal stabilized housing. To increase the effect of the
amplitude variation, the repetition rate of the oscillator is varied by changing the housing temper-
ature. The correlation between temperature and repetition rate is defined as Af/AT ~ 2300Hz/K
[20]. The temperature is changed once by about 4 K. Before and afterwards, the harmonics are
measured.

The measured values are listed in Table [71
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Table 7: Fibre lengths calculation with two point measurement

m=| 16 | 17 16 | 17
Upm[mV] | 35.2 | 22.4 37.0 | 23.5

f; =79094056Hz | Uy [mV] | 35.0 | 22.0 | f =79084822Hz | 37.3 | 23.7
Um [mV] | 58.0 | 23.7 421 | 79

Here the 16! and 17" harmonics are used. It is a compromise between several requirements:
1) Using the highest available harmonic
2) Having sufficient SNR

3) Using harmonics which their amplitude is not at maximum

to 1):  The higher the harmonic the higher the sensitivity dependent on lengths changes.

to 2): The electronic, especially the fast detection unit has its limits, because the created
electronic board is designed for frequencies < 1GHz. Ultra high frequency elec-
tronic requires special electronic design, which was not implemented in this thesis.
The fast detection unit attenuates higher harmonics which decreases the SNR. The
lower the SNR, the higher the noise of other electronic components, that measure-
ments result in a high inaccuracy.

to 3): The highest harmonic measured in this setup with sufficient SNR was the 18!,
Because this harmonic is close to its maximum, the sensitivity due to frequency
changes is not adequate for dt calculation

and by using Equation[9]dt can be calculated as
—1 U%_U%m_ug,m
dt cos ( 2U1,mU2,m

- 2mm 1)

to calculate the absolute distance with Equation [5|the multiple factor 'n” must be computed by

D= <f” +At) §+o|ref with At= fi
REP REP
D=const. N diy n dip
sy —f— = — 4 —=
def=const. T4 f1  fo 1o
_fadty —fydy

fy—fp

With the values of Table[7]the multiple factor 'n’ can be calculated to n = 65. Using again Equation
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Dx = (nfx—;g::f)c + Oiref
= D7 =85.55m
D, =85.56m
with
dt; = 0.30 dtp = 0.31
fi = 79094056 Hz fo = 79094056 Hz
dref = 0.43m Nt = 1.4475 (Refractive index of fibre [48])

c= speed of light

The manual measurement with the measurement tape shows a length of the fibre of about
Dmanual = 85.68m whereas the manual measurement caused a higher inaccuracy since the
fiber is winded on a spool. Estimation of the diameter of the spool and the windings results in a
total inaccuracy of about +20 cm.

The FDDM measurement shows that distances can be measured absolutely. With this setup, the
distance is measured with an accuracy of about 1 cm.

Dependent to the distance, the frequency shift for 'n’ estimation is correlated reciprocal. The
higher the distance, the lower the frequency shift to calculate 'n’. At this measurement the hous-
ing temperature has to be changed, which is time consuming. If the target distance is large
enough, the frequency hub of the SynchBox internal piezo stack would be sufficient for distance
calculation, and faster respectively. And a faster measurement results in a measurement with a
better distance resolution. Therefore it is expected, that for higher distances, the absolute dis-
tance resolution using FDDM can be improved.

For even higher precision in resolution, a different system is required: BOCC or FDDM CC.

4.1.3 FDDM Velocity Determination

After validation of the FDDM method the FDDM Board is created. Its application for amplitude
separation is an advantage since the recording of the voltages can be done automatically e.g.
with an Analogue Digital Converter (ADC).

The function test of the FDDM Board is also a first proof of the FDDM method to measure relative
velocities between two objects.

To create an optical setup within the laboratory to simulate relative velocities which occur between
navigation satellites is not executable and must be simulated.

One possibility to simulate any relative velocities is to use two electronically created short pulses
with a phase offset or a frequency offset, since a relative movement of the target to the measure-
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ment setup correlates with an oscillation of the harmonics.
The relative velocity between two objects using the FDDM method has same characteristic as for
static systems. Figure[51]shows an example if the velocity is half of the oscillator lengths within 1's.

L = c/frep *17* v = (L/2)/1sec

A

to l 1St 13th

L/2
to + 1sec / to + 1sec to to + 1sec to

Target Mirror
«— «—

Figure 51: Example of correlation between velocity and FDDM deviation

The distance between two pulses is the oscillator length. If an object moves within 1 s the half
oscillator lengths, the FDDM signal is passed from e.g. dt=0 to dt=1 within 1s (see Figure [51).
Therefore the velocity of the target is then calculated to vy, = "01“3/2. With the used oscillators the

velocity would depend to vqp, = ¢79196300H2 , 4 896 m/s. Measuring the voltage of the harmon-
ics and their change in time correlates with the target velocity.
If pulses from two different oscillators are overlapped and their repetition rate has a frequency

difference of Af = 0.5Hz this simulates a target velocity of vop,; = 1.896 m/s.

Since the fractional output of the synthesizer board creates short pulses, these can be used as
a simulation of an optical oscillator with short pulses output. The signal output of the synthesizer
board is illustrated in

fsvn A T A
N N N N
VARV t
fon=1/T f
fo/N 4 f = n ‘
‘ i A I > O
T f/N 3 f/N
o p T-2N - ‘
N

1 fmog 2-f 3-f 4f 5f f

Figure 52: The synthesizer output and its Fourier transformed signals
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The upper sine wave is the created frequency of the VCO output, stabilized by the synthesizer.
Its Fourier transformation results in a single frequency peak at its specific frequency.

As described in Section [3.2.7]the synthesizer has a fractional output which is used to create mul-
tiple frequencies. The signal is pulsed with changing algebraic sign. This results in the frequency
domain that only odd harmonics of the synthesized frequency are available. With an additional
electronic setup using diodes, the negative voltage pulses are eliminated so a frequency spectrum
is generated equal to the optical oscillators.

It is to mention, that creating short pulses electronically requires quite an effort. Since with this
setup frequencies less than 1.5GHz are used, this is possible with the fractional synthesizer
installed on the synthesizer board. With this setup the higher harmonics are already strongly at-
tenuated, but still detectable with the FDDM Board. If higher frequencies are used, the electronic
becomes more complicate. This leads back to the comparably simple handling of optical short
pulses. The measurement of the harmonics is then only limited by the electronic itself.

The example in Figure 52 shows a fractional value of N = 2. To receive equivalent frequencies as
the optical oscillators the VCO is tuned to fsyn = 4 - frep.

For validation of the system an electronic setup is created shown in Figure 53]

fsyn,l/N

Rb Synthesizer FDDM
—>

Standard Board . /}J | Board

> ADC —{ LabView

Figure 53: Schematic setup of electronically simulation of a FDDM measurement setup

The synthesizer board is stabilized on the Rb-Standard. Since two oscillators are installed on one
board both fractional outputs are used and overlapped with a frequency mixer. Also important
that with this setup phase shifting between the synthesizers is prevented. This signal is then con-
nected to the FDDM Board. The signal equals the input of a reference path and a target path.

To simulate different velocity scenarios the frequency of the oscillators is modified. Since the fre-
quencies of each synthesizer can be varied with a frequency resolution of Af < 1mHz precise
velocity characterizations are possible.

The output of the FDDM Board (4 channels) is measured/digitalized with an ADC (with 10 kS/s/channel)

and recorded by a software program (LabView).
The software varies the original FDDM signal for further calculations (see Figure 4).
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Figure 54: Schematic overview of the signal evaluation with LabView

Each harmonic is recorded by the software separately with 10 kS/s/channel. First the harmonics
of each synthesizer board is detected (one synthesizer is disconnected) to simulate a theoretical
FDDM signal. When both synthesizers are active, the amplitude of each harmonic can be used
to calculate the phase (dt) of the current state.

The FDDM signal is defined by Uy = [cos(m - 7 - dt)|. Using the intensity instead of voltages, the
signal equals to I, = U% = %(1 +cos(m - 7 - dt)).

LabView enables a sinusoidal fit. The fit requires presetting with the rough inputs: amplitude,
phase and frequency. The amplitude is already known from the first measurement and the phase
can be calculated.

If there is a relative velocity between two objects, the FDDM signal starts to oscillate. The Iy
oscillates equal to a cosine function. A Fast Fourier Transformation (FFT) results in the required
rough frequency determination.

With all three inputs the velocity can be calculated. Since the dt-value is known for any sinusoidal
fit also the absolute distance to the object can be calculated. The first and second harmonics are
used for a rough dt determination whereas the 12t and 13t are used for precise velocity and

position determination.

Several velocities are simulated. Their calculations are shown in Figure 55|

69



5
@

10* e
= 19m/s
—_ e 190m/s
@ 1900m/s |
>~ == 10600
E 107 ~ .
[ ”.:::;: ......
o
= N
2 4 .y
Pl ~ 5
2 10° e N =
'S I \ D3
O -~ by Y H
= Rb-Standard ~~ < - ’
—~ P~
10 =
10" 10° 10"
T[sec]

Figure 55: Velocity measurement using the FDDM Board for absolute distance measurement

The simulated velocities start from v,g = 19m/s and end at v, = 10.6 km/s.
Two properties are shown:

1) Velocities up to v, > 10km/s can be measured
2) Using the FDDM Board in combination with an ADC increases the distance resolution

to1) The system works properly. The simulation of velocities is successful using the
synthesizers as pulse source. The FDDM Board in combination with the software
enables a simple measurement method of velocity determination. Within Galileo
scenarios velocities v,e > 4 km/s occur (see Section@) which can be measured.

to2) Atlower velocity values, the resolution for dt increases. At Sectionthe accuracy
is limited to 1 cm. The combination of FDDM Board and ADC increases the perfor-
mance by one order of magnitude. The limit factor of increasing the resolution is the
speed of the ADC read out. Also the LabView software is computationally intensive
since at every calculation a FFT and a fitting tool must be used.

The precise velocity determination is important for red shift of light between two systems (see
Section[2.4.3). The measurement with FDDM method does not yet reach the requirement for any
frequency standard. The Rb-Standard would require a velocity precision of Av,(1s) ~ 330 um/s,
highlighted by the red doted line in Figure 55|
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FDDM Summary

The FDDM Board works properly. Simulated velocities v, > 10 km/s can be measured with accu-
racies Av,g < 1cm/s. The absolute distance resolution increased to As = 1 mm and is measured
automatically by a LabView software. The velocity determination is close to the limit defined by
the used frequency standard itself.

This is the proof of concept and it is expected that there is more potential in measurement speed
and accuracy using faster electronics with implemented functions using FPGAs. An improvement
to reach the requirement of a Rb-Standard should be possible with further development effort.
The used frequency standard is also the limit of the velocity determination.

4.2 BOCC System

The BOCC system is already in use for several distance characterizations [49]. The application
specific for time and frequency distribution is a new focus. Also important to know is the charac-
teristic of a BOCC setup relating to space application. Which effort is necessary and how complex
is the overall setup compared to FDDM or FDDM CC?

The BOCC setup is characterized within a Master Thesis [50] which was initiated and supervised
by the author of this thesis.
The excerpt here is an overview of the important factors of the BOCC performance.

In Section[4.2.1]the BOCC system is set up and characterized.

Afterwards in Section [4.2.2] first measurements using an optical fibre for relative distance mea-
surement are done. Finally in Section[4.2.3|the BOCC is used for stabilization which results in its
performance for frequency stabilization over long distances.

4.2.1 BOCC Characterization

For the BOCC setup, the Michelson Setup is changed to a polarized setup and the fine resolution
translation stage is used. The overall setup is illustrated in Figure [56]

Polarized
BOCC >
OscSetup —»  Michelson = Voltage
Setup Measurement
Setup (n=0)

Figure 56: Setup to characterize the BOCC

The BOCC setup requires polarization control since within the PPKTP crystal the two pulses must
be rectangular to each other. For characterization the reference path and target path have equal
distances. A frequency stabilization of the oscillator is not necessary.
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During the setup of the optics quite an effort is needed to manage the beam alignment to ensure
that the beam stays focused within the crystal, including during the movement of the target mirror
on the translation stage.

The length of the reference path stays constant whereas the length of the target path is varied
by a translation stage. The used fine resolution translation stage has step sizes of 100 nm with a
resolution of 50 nm. The pulses can than be measured by a time resolution of At = 1/3 - 10~ 1%s.
During the movement of the translation stage, two signals are recorded (SHG signals). One
photo diode records the forward direction within the crystal. The second photo diode records the
backward direction within the crystal.

The measurement can be seen in Figure[57|
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Figure 57: Characterization of the SHG signals [50]

The pulses propagate in air within a length of about 20 cm in both directions. It is assumed that
the dispersion of the pulses is negligible compared to their pulse length. With this assumption the
recorded signals are a autocorrelation of the pulses [51]. The pulse length is calculated to about
500fs (black line in Figure [57).

The measurement setup is changed by increasing the target distance to 1/2 of the oscillator length
to D =~ 1.90 m. The multiple factor of the pulses within this target path is then n = 1.

The translation stage is shifted so that the intensities of the SHG pulses in forward and backward
directions are equal.

Since frequency variations of the oscillator change the time offset, the repetition rate is stabilized
on the Rb-Standard. The updated setup is illustrated in Figure 58|
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Figure 58: Setup to characterize the BOCC with n=1

To measure the cross correlation between the forward and backward signal the Subtracter Board
is installed. The output of each photo diode is modified, that their amplitudes have equal ampli-
tudes as shown before in Figure[57]

The multiple factor 'n’ is set to '1’ that a frequency shift results in a time offset of the incoming
pulses. This can be calculated to

1
Dip= E(n “T1o+ Aty o) +dgr 12

with Dy =Dy Aty =0 dref,1 = dref,2

Atg =n~T1 —n~T2 n:1 f2_f1 ~ A—zf
fifa 1§
Af
= As=—C
fo

A frequency shift can also be used to measure the SHG signal. A shift of Af = 1Hz results in
a length shift of As ~ 50nm. Therefore the characterization of the SHG signal is repeated by
frequency shift but has same results.

It has to be mentioned, that the lock of the repetition rate onto a highly stable frequency standard
(Rb-Standard) allows stabilizations of frequencies Af < 10~3Hz. This would result theoretically in
time resolutions of At < 2- 107185 or distance resolutions As < 50 pm. This is however not pos-
sible due to imperfection of the optical setup, environmental loads or resolution of optical fringes
of the pulse.

The SHG signal is the input of the Subtracter Board. The output of the Subtracter Board is
measured with an ADC. The BOCC signal is shown in Figure [59]
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Figure 59: BOCC signal with slope and stabilization range [50]

The BOCC signal fits a s-shaped form as expected. The slope is calculated to a; = 1.89 mV/fs
(as = 6.4 mV/um) at the zero crossing point.

Also illustrated a stabilization range. Within this range, the BOCC system can stabilize itself to
the zero crossing point. If the stabilization is out of range, the BOCC signal drops out of the loop
and must be adjusted again from the beginning.

To start a BOCC loop, the signal must be adjusted in advance within the stabilization range, which
is an area of about 2.4 um.

In summary the BOCC system is set up, verified and characterized. The used SESAM oscillator
has pulses with FWHM with about 500 fs which can be measured by the BOCC by autocorrelation.
A s-shaped BOCC signal is created with slopes of a; = 1.89 mV/fs or ag = 6.4 mV/um.

4.2.2 BOCC Measurements

With the characterized slope distances can be measured. To increase the measurement distance
an optical fibre is used. The measurement setup is illustrated in Figure [60]
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Figure 60: Using the BOCC signal to lock the oscillator on the length of the fibre

Since the BOCC system can handle relative distance changes, the absolute distance must be
calculated in advance. The FDDM method results in a multiple factor of n=42.

The BOCC system for stabilization is only applicable, when the pulses are overlapping. There-
fore the length is defined by the multiple of the oscillator length. In this case the distance can
be calculated to about Dopt = 159.313 m. Applying the refractive index results in a fibre length of
Dfiber =110.060 m.

After determination of the fibre length, the BOCC stabilization should be activated to lock the os-
cillator frequency to the fibre length. Therefore the translation stage is moved that the intensity
of the forward and backward SHG pulses are equal. The difference of random signal and stabi-
lization signal can be seen in Figure [61] The signal is measured by an ADC and recorded by a
LabView software.
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Figure 61: Starting the BOCC loop to stabilize the oscillator on the length of the fiber [50]

When the stabilization loop is closed, the signal is stabilized to the zero crossing point. The oscil-
lator frequency is then locked on the length of the fibre.

The BOCC noise before stabilization is characteristic for the optical setup, especially for the opti-
cal fibre. Due to continuous vibrations in the laboratory (even on a vibration damped optical table)
and the thermal noise of the fibre the signal has amplitudes of U,,ise =~ 10V which is about
As = 64 um. The peak at t=30s is a perturbation due to touching the fibre. The measurement
system is accordingly sensitive.

After stabilization the repetition rate is connected to the fibre length and to its length noise. The
signal is recorded with an measurement rate of 1500 S/s. Higher rates would be possible (up to
48 kS/s) but not necessary, because the noise would simply increase.

For data minimizing an average value over 30 values is created to enable measurements over
longer timer (trec > 10 min).

Since the laboratory temperature is not constant, the fibre has a length drift which is recorded by
the repetition rate. The frequency in connection to the fibre is shown in Figure 62
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Figure 62: Correlation between oscillator frequency and locked distance [50]

The BOCC loop is active for more than 25min. During the measurement time the optical path
length has changed up to 500 um, which is a oscillator length change of Alpse = 11.9um . The
piezo within the SESAM oscillator has a total range of Al = 2 - Ipjezo = 12 um. A longer stabi-
lization time would not be possible.

The continuous measurement of the BOCC signal is related to a lengths of the oscillator. As long
as the BOCC loop is active (which means that the BOCC signal is stabilized to the zero crossing
point) the voltage is connected to the uncertainty of the length measurement. The higher the jitter,
the higher the uncertainty. The slope is defined by as = 6.40mV/um or a; = 1.89 mV/fs.

The recording can then be calculated to an Allan Deviation.

The Allan Deviation of the stabilization of the repetition rate to the fiber length is shown in Figure
63
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Figure 63: Distance resolution of the BOCC lock and the frequency stability [50]

The Allan Deviation shows with oy(1s) = 15nm which correlates to a frequency stability of
oy(1s)=5-107"".

This performance is more than one order of magnitude better than any optical clock, for frequency
stabilization or time distribution.

The measurement rate of about 50 Hz is limited since averaged values are taken for data limitation.

In summary an optical oscillator is locked with the BOCC on a fibre length for about 25 min. A
continuous readout of the repetition rate results in an absolute fibre length with a resolution of
As < 20nm at 1 s measurement time.

This results also in a possible frequency stabilization of oy(1s) =5- 10~17 which is more than one
order of magnitude better than current performances of optical clocks.

4.2.3 BOCC Fibre Stabilization

For time distribution the absolute and precise knowledge of the target distance is essential. The
possibility is verified using the FDDM method in combination with a BOCC setup. Within the prior
section the fibre distance is monitored by recording the repetition rate. The length itself changes
by laboratory environmental variations.

An additional application for a BOCC system is to stabilize longer fibre distances. Fibre stabiliza-
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tions are done commonly with CW laser interferometry [52]] with great success. Frequencies are
synchronized over long distances (D > 920 km) with performances at oy(1's) ~ 10715, Neverthe-
less, these fibre stabilizations are used 'only’ for frequency transfer. A time transfer is not possible
since the absolute distance is not known precisely enough to create a time link.

A possible update is hereby the fibre stabilization using the BOCC setup. To stabilize an optical
fibre to the repetition rate locks the fibre lengths to a multiple of the oscillator length. Since the
length is kept constant (absolute) a time distribution between two spots is possible.

For the fibre stabilization the prior optical setup is updated with a Piezo strecher. The setup can
be seen in Figure [64]
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» OscSetup 1

Stretcher
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Board
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Michelson )
Setup
.

N\ Setup Y,

Figure 64: Updated setup with a Piezo strecher to change fibre length

The Piezo Stretcher is a Piezo Tube with a furled PM fibre. Using high voltage the Piezo Tube
expands and stretches the optical fibre. The Piezo Stretcher has a total stroke of about 140 zm in
the optical area.

The output of the Subtracter Board Ug,; € [0V, 5V] is amplified by an additional HV amplifier to
Uyy € [0V,150V]. The Piezo Tube is capable of handle with voltages up to 1000 V. The here
used HV Amplifier is limited to 150 V.

The procedure to start the stabilization is equal to the frequency lock on the fibre length.

The time offset between the pulses is modified to dt = 0 that the SHG intensity of the forward
and backward pulses are equal. Then the output of the Subtracter Board is connected to the HV
amplifier. As long as the lengths change of the fibre is within the stroke of the Piezo Stretcher the
stabilization is working.

The according Allan Deviation of the fibre stabilization can be seen in Figure [65]
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Figure 65: Fibre stabilization of a 100 PM fibre with time and length resolution [50]

The fibre stabilization is maintained for about 15 min. The laboratory environment varies that the
stroke of 140 um is reached after that time.

Nevertheless the fibre stabilization reached oy(1s) = 6 nm which correlates to a frequency stabil-
ity of oy(1s) =2- 10717, This is about two orders of magnitude better than current optical clock
standards.

4.2.4 BOCC within Dynamic Systems

The BOCC setup is capable of highly precise distance measurements and for highest perfor-
mance time and frequency distribution at static systems.
But what happens at dynamic systems? A theoretical approach should focus on this issue.

In Section a stabilization range of I, = 2.4 um is characterized. The system itself has a
modulation frequency f,og = 1kHz which is defined by the HV amplifiers. Within this modulation

time the system can adjust itself without falling out of the BOCC loop. This results in a maximum
velocity of

Vmax = lstab - fmog = 2.4pm - 1000 Hz = 2.4 mm/s
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The system is capable of lock on targets with relative velocities up to 2.4 mm/s.

In Section [2.4.3]it is already discussed, that velocities between two neighboured satellites in the
same orbit with vg > 10m/s occur. Additionally, the modulation frequency lowers due to large
distances (D ~ 2-10”m) to fy,0q = 2 - D/c ~ 30 Hz which results in a maximum relative velocity of
Vmax = 720 pm/s.

Referring to Section this would result in a time window of tsyncn < 2s to synchronize two
neighboured satellites (same orbit). This time would also include precise distance determination.
In total a very challenging theme even in the simplest scenario.

BOCC Summary

The BOCC setup is capable for highest precision in distance resolution with As(1s) = 15nm.
Also a fibre stabilization is possible using the same signal. The first stabilization of a 100 m fibre
results in a distance stability of As(1s) = 6nnm which corresponds to oy(1s) = 2 - 1077 as a
possible time and frequency synchronization between two spots. Nevertheless a focus lies on the
control of the pulse power, since non adjusted pulse power results in a pulse broadening (difflu-
ence) that minimizes the performance of the BOCC system.

Using the BOCC within dynamic systems results in a highly challenging setup.

The handling of the BOCC requires some effort since the dimension of the used crystal requires
high precision optical setup. The usage of polarization maintaining fibres simplifies the optical
setup significantly.

A possible application of the BOCC setup for time and frequency distribution is within optical fibres
in static systems.

4.3 FDDM CC Verification

The FDDM and BOCC setup are characterized and first performance measurements are done.
The FDDM CC promises to be a combination of the simplicity of the FDDM and the performance
of the BOCC.

There is no known system which would be similar to the FDDM CC system.

In Section [4.3.1]the first measurements and characterizations of the new system are shown.
Afterwards in Section[4.3.2the CC signal is taken for frequency synchronization.

The FDDM CC signal is then used for a fibre stabilization described in Section (4.3.3

And finally the combination of the two applications is shown in Section[4.3.4]

4.3.1 FDDM CC Proof of Concept

For the characterization of the FDDM CC signal, the FDDM signal must be generated for dt €
[0, 1]. In the prior chapters a Michelson Setup is used with a translation stage to vary the 'dt’ value.
As for this measurement setup a second optical oscillator is available with equivalent values of
pulse length, repetition rate and pulse intensity which is used by frequency shift like a translation
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stage. The setup for any measurement is then easier to implement, since no free-beam parts are
necessary. The setup is created as can be seen in Figure [66]
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be ‘Signal Board

Figure 66: Setup to characterize the the FDDM CC signal with two oscillators

Both oscillators are PM fiber coupled. The overlap of the pulses is done by a fibre coupler. In
this setup, the coupler is polarization maintaining. Since the FDDM method is independent of
polarization also a single mode coupler could have been used.

The pulses reach the fast detection unit, which creates the multiple harmonics in the frequency
domain. The FDDM Board separates the 15t, 21, 12t and 131" harmonic. Afterwards the Sub-
tracter Board creates the subtracted signal between the 12t and 13" harmonic. The signal output
of the FDDM Board and the Subtracter Board are monitored with an analogue digital converter.

Without stabilization the two oscillators have random repetition rates, which result in an oscillating
FDDM signal. If both oscillators have the same repetition rate, the FDDM signal would be con-
stant and the phase shift between both oscillators would define the 'dt’ value.

To control the 'dt’ value both oscillators are stabilized with the Synthesizer Board on the Rb Stan-
dard at a frequency of 79 106 500 Hz. With the control of the frequency, the FDDM signal can be
measured precisely. A frequency mismatch of about 12.5mHz is created. With this frequency
offset the complete FDDM CC signal is characterized within 80 s which can be seen in Figure [67]
The signal is recorded by a LabView software.
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Figure 67: Measurement of the 121" and 13! Harmonic created by two oscillators

The Figure shows the 12! and 13! harmonic dependent on passing time which is correlated with
a time offset 'dt’. The pulses are overlapped at tmeas &~ 10s and pass through its characteristic
until tneas =~ 90s. The signal has a voltage offset of about 200 mV which depends on the used
ADC. For the CC measurement the Subtracter Board returns the required signal. Since in section
[2.6.7] the signal is always defined in a relative voltage 'dU’, the measured values are normalized
by the recording software. Using the measured input of the harmonics a theoretical signal can be
created witch is then compared with the measured values. This can be seen in Figure 68|
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Figure 68: Comparison between measured FDDM CC signal and theoretical values
The normalized values (adapted by LabView Software) fits the predicted values of Section [2.6.1
Thus the FDDM CC signal is working which creates an additional signal for high precise measure-

ments or high performance stabilization.

An important characteristic of the system is the slope for stabilization, as defined in Section [2.6.3
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The general slope 'dU/dt’ is defined in Section for the 12t and 13" harmonics in the Equa-
tion Adapted to the oscillators used for this measurements (frgp = 79 106 500 Hz).

Compared to the lock-in range (or stabilization range) of the BOCC setup (lgtzp = 2.4 um) the
FDDM CC has a higher range with 1/25™ of the oscillator length (lgia, ~ 152 mm, mean value).
And every slope which has the required algebraic sign can be used for stabilization. Even if the
lock jumps out of loop, the system stabilizes itself again. Therefore using the FDDM CC system
for stabilization loop can be activated by 'simply’ starting it. The time offset between the pulses is
then automatically stabilized.

The Signal of the Subtracter Board is also measured by the ADC and recorded by LabView,
illustrated in Figure [69]
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Figure 69: Non normalized FDDM CC signal created by Subtracter Board

The CC signal has a complete amplitude of +£4 V. The x-axis of the CC signal is here defined by
the oscillator length. As can be seen in Figure [69 compared to Figure [68] the signal of the Sub-
tracter Board is different from the LabView program. In Section it is mentioned, that different
absolute amplitudes of the harmonics relates to an displacement shift of the CC signal. This can
be seen by the CC signal at the right or the left end of the graph in Figure [68] The amplitudes
have a correlation of U12 = 1.05. This is caused by imperfection of the electronic devices of the
FDDM Board and the Subtracter Board.

The amplitude of the CC signal is about +4 V which increases the slope. The fine resolution of
one zero crossing point (at dt = 12/25~1.82m) can be seen in Figure [70]
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Figure 70: Magnified FDDM CC signal for slope determination

The slope of the chosen dt,¢ is measured to 58.8 V/m (58.5 mV/mm).

The record of the CC signal shows no jitter of the voltage. Mentioned in Equation [20]in Section
the voltage of the CC signal can be used to define the stabilization possibility of the optical
oscillator. This is already done in Section but should be confirmed with the FDDM CC signal
as well.

With the Electrical Spectrum Analyser the repetition rate peak of the Fast Detection Unit is mea-
sured. The required information about the SNR is then used to calculate the theoretical limit of
the CC stabilization unit. This is very important, to see if the used electronic is capable of dealing
with the stabilization signal.

The peak is illustrated in Figure [71]
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Figure 71: Oscillator peak at 79.106 MHz with integration time 1s

The SNR of the repetition rate is measured to > 95 dBc. With P oc U? this equals to
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AU =vSNR - Uy

Uoo=£4V, AU =1079/210) . 4 < 100 puV

The slope is evaluated to as = 58.8 mV/mm. Using Equation [20|in Section the theoretical
limit of stabilization can be calculated to

AU _ 1074V
asc-1s 588V/m-c-1s
oy(1s) <1071

O'y(1 S) =

This value is smaller than current H-Maser stabilities. This theoretical value shows, that this setup
is already capable for frequency and time distribution using current HF-Standards without further
modifications.

The used electronic of the FDDM Board and the Subtracter Board contains low noise devices
which correlates to low voltage noise. If the SNR of the optical oscillator is lower than the Electri-
cal Spectrum Analyser is capable of measure, the slope of the CC signal can even be amplified
without reaching the limit of the electronic system.

Since the electronic is limited to +£5V any amplitudes above/below this voltage create saturation.
This lowers the freedom to determine at any 'dt’ value the absolute distance because there 'Upy’
values outside the £5V boarders are not measurable.

Since stabilization loops try to reach any zero crossing point of the FDDM CC signal, the satura-
tion of the electronic is not important. In contrary, the higher the slope, the better the stabilization
possibility to the target. The limiting factor of measurement of the signal is the ADC with its sam-
ple rate of 48 kS/s/Channel and a resolution per channel of 14bit. In the data sheet a resolution
limit of 4mV per measurement is defined [53]. Recording only the CC signal during stabilization
limits the voltage resolution to < 20 uV/s.

Equation in Section determines the slope at each voltage value. The slope a; is calcu-
lated by the equation directly, whereas as = a; - ¢. In Table 8] Ucc is correlated to different slopes
and the limit using the ADC of the measurement setup.

Table 8: Examples for time/lengths resolution limited by used ADC at 12" zero crossing point
Ugc Amp[V] | £1V | £5V | £10V | £100V
a;[mV/ps] | 4.25 | 21.26 | 4253 | 425.28

as [mV/mm] | 12.76 | 63.79 | 127.58 | 1275.82
Atapcnoiselfs] | 4.30 | 0.86 0.43 0.04
ASADG noisel#m] | 1.29 | 0.26 0.13 0.01
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As can be seen in Table [8/at Ugc = +5V time resolutions of Atapg neise < 107"%s at 1s mea-
surement time can be reached without saturation of the used electronics. This is at the region of
performances of current optical atomic clocks.

To reach equal distance resolutions like the BOCC setup, Ugc would have to be increased to
100V which implies a loss of information since the electronic would be in saturation.
Nevertheless, the FDDM CC signal has multiple zero crossing points at the dt axis, whereas the
BOCC system has only one signal when the pulses are overlapped (dt € {0,1}).

Calculating the requirements to the ground noise of the electronic measurement system would
result in a SNR > 140 dBc which requires ultra low noise electronic.
4.3.2 Oscillator Stabilization using FDDM CC Signal

After verification and characterization of the FDDM CC signal, the setup is modified to use the CC
signal for stabilization of the oscillator. The new setup is illustrated in Figure[72]

Rb &
Electronics — Osc Setup 1 /
¢ / | )\ Fast
frep _— Detection
Frequency ¢ \ opt. Signal IN Unit
REP
Counter "= osc Setup 2 o
Y
. t Sslfzfr Ss'fr:;'l Subtracter <2 FDDM
< &l Board PRLE Board

Figure 72: Characterized CC signals for oscillator stabilization

With the prior setup in Section [4.3]the CC signal is characterized. Using the Stabilization Signal
output of the Subtracter Board for the oscillator setup creates a stabilization loop which locks the
second oscillator to the first oscillator. When the stabilization loop is activated the voltage of the
failure signal results in the stabilization performance. The voltage is recorded with the ADC.

Since the Subtracter Board contains a PIl-Unit and a unit to control offset and gain for the out-
put, the stabilization signal can be modified to reach the requirements of the oscillator setup
(Vstap > OV).

When the stabilization loop is active the repetition rate of oscillator 1 and 2 should be equal.
Therefore their repetition rates are recorded by a Frequency Counter with two inputs [54].

The CC signal in Section has an amplitude of Ugc = +£4 V. To use the full potential of the
Subtracter Board, the harmonics are electronically amplified to reach Ugg ~ £5V as can be seen

in Figure [73|
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Figure 73: Characterized CC signals for oscillator stabilization

The CC signal nearly fits the electronic limit of Ugc ~ £5V. Nevertheless a saturation can be
seen at Ugg =5 V. The x-axis is normed to the oscillator length of 3.79m (frgp = 79 106 500 Hz)
and the slope is measured to as = 75.4mV/mm (a; = 25.1mV/ps) at the 121" zero crossing point.

After closing the stabilization loop, the CC signal is recorded by the ADC with a measurement rate
of 48kS/s. To reduce data, the measured values are averaged over 480 values, which results in
a measurement rate of 100 Hz. The voltage measurement accuracy reaches then AU < 0.2mV
per measurement point. The lowest stability which can be measured with the ADC is then

_02mv
75.4mV/mm
= oapclimit(0-01s) <1074

AUapc imit(100 Hz)/as = <2.8um

The stabilization limit dependent on the ADC measurement accuracy is limited to a stability of

0(0.01s) ~ 107", Even when the stabilization has a better performance, the ADC would not be
able to record it.

The measured CC signal for stabilization of the second oscillator is shown in Figure [74]
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Figure 74: CC signal of the oscillator stabilization

The CC signal stays constant at '0’ when the loop is activated. The CC signal shows no drift
during the stabilization time of tg5, > 1h.

The two mayor spikes at about 1000 s and 2200 s were created by a neighboured setup on the
optical table. During measurement some hardware modification at the neighboured setup were
done, which results in a shock impact on the table. Nevertheless, the system records the shocks
but continues with the stabilization.

By using the slope of a; = 25.1 mV/ps (as = 75.4 mV/mm) the deviation of the measurement can
be calculated to an Allan Deviation which is shown in Figure[75]
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Figure 75: Stabilization of Osc.System1 on Osc.System 1

Two measurements are shown:

1)  The curves with deep colours demonstrate when the SESAM oscillator is locked on the
Rb-Standard and the CNT oscillator is stabilized on the SESAM oscillator. The CC signal
shown in Figure@correlates to this Allan deviation.

2)  The curves with bright colours demonstrate when the CNT oscillator is locked on the Rb-
Standard and the SESAM oscillator is stabilized on the CNT oscillator.

to 1):

The Allan Deviation shows at 1s measurement time already an Allan Deviation of oy(1s) =
5-10~'8 which is enough to stabilize two optical oscillators with the performance of a Rb-Standard.
There is accordingly no loss of stabilization between oscillator system 1 and oscillator system 2.
The repetition rates of oscillator 1 and oscillator 2 are measured and their Allan Deviation is illus-
trated in the same figure. The frequency of oscillator 2 shows no difference to oscillator 1.

The SESAM oscillator shows stronger jitter on pump power of the laser diode than the CNT oscil-
lator. Therefore the Allan deviation is oy (1s) ~ 2 - 10712, Nevertheless the CNT oscillator follows
any fluctuations of the SESAM oscillator.

to 2):

For the second measurement the two oscillator systems are transposed. The system should work

90



T @

properly for both scenarios.

The CNT oscillator can be stabilized to oy(1s) ~ 1 - 1072 since it is less sensitive to pump power
fluctuations. Surprisingly the SESAM oscillator shows equal performance as the CNT oscillator.
The frequency stabilization using the CC signal can handle jittery oscillators better than the Syn-
thesizer Board.

The stabilization signal shows a rising instability at 1 s measurement time which results to a lower
performance compared to the first scenario.

Both stabilization links start with oy(0.01 s) ~ 10~* which is the measurement limit of the ADC. It
is expected, that the stability of the link is even lower than the measured values.

It must be mentioned again, that a link between two clocks can never be better than the clock on
which the stabilization system is based on. The Allan Deviations showed with this link is only a
theoretical value. The system would be capable of create a link between two oscillators with the
limit of oy(1s) < 10715, For real validation a time standard with these performances would be
necessary.

In summary, with the FDDM CC stabilization method a new type of frequency stabilization is cre-
ated. With a link between two oscillators of oy (1) < 107'° the performance is at the same region
as current optical atomic clocks. The system is based only on electronic devices and has an eas-
ier handling compared to the BOCC setup.

4.3.3 Measurement of larger Distances using FDDM and the CC signal

In Section 4.1.1]it is shown, that the FDDM method is capable of measure distances over 100 m
of a fibre. This method is used a second time with the FDDM CC signal. Also the fibre length is
increased and modified with an additional fibre coupler at the largest distance. This is later used,
to split the pulse power for a distant frequency stabilization.

The setup with fibre is shown in Figure[78]
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Figure 76: Measurement of the first and second harmonic shifting the repetition rate
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The pulses from the (SESAM) optical oscillator are split into two paths. One part propagates
through an optical circulator, a 500 m fibre, a Piezo Stretcher another optical circulator and a
coupler. The loop is closed, that after the second coupler the pulses go back to the connected
circulator. After propagating through all the fibre back, the pulses from the first coupler are het-
erodyned after the first circulator. All fibre components are polarization maintaining, but also
non-polarization maintaining setups could be used.

The frequency must be shifted again to calculate the multiple factor 'n’ to determine the absolute
distance. In the previous Section [4.1.7] the frequency is shifted by temperature changing of the
oscillator housing. In this case, the slip stick driver of the oscillator is used, to create in shorter
time larger frequency shifts (> 180 kHz, see description in Section(3.1.1).

Before and after the frequency shift, the oscillator is frequency stabilized to a Rb-Standard. During
the shift, the harmonics start to oscillate. The oscillation is recorded by the ADC. The start and
end points can then be used for calculations. All recordings are done by a LabView software. The
content of the program is illustrated in Figure[77]
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Figure 77: Software for automated length calculation

In Figure[78|the measurement data of the first two harmonics can be seen.
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Figure 78: Measurement of the first and second harmonic shifting the repetition rate

At the start of the measurement (Point 1 in Figure [78) the frequency is at about 79 300 000 Hz and
lowers within 15s to about 79120 000 Hz (Point 2 in Figure [78). The first and second harmonic
are passed through their dt = 0 point at about 18 s. The dent at this point results from the satura-
tion of the electronic ampilification, since all harmonics have their maximum.

The amplitudes of the first and second harmonic are not equalized, which is not necessary for
calculations. The amplitudes are measured before the start of the measurement of each path
(reference and target path).

The voltage values of the harmonic 1 and 2 at Point 1 and Point 2 are recorded.

With the measurement of the reference and target path, theoretical values can be created and
compared with the measurement. Figure [79]illustrates the theoretical deviation of the harmonics.

Voltage [V]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
relative Offset dt

Figure 79: Simulated values using the individual amplitudes of the harmonics

The created deviation of the harmonic 1 and 2 fits the measured values. The comparison of the
values of Point 1 and Point 2 shows where the start and end points are located. The first two
harmonics are not used for precise measurement. The calculated points are hints for the higher
harmonics.
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The same measurement is done for the 12" and 13! harmonic. Figureshows the record.
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Figure 80: Measurement of the 121" and 13! harmonic shifting the repetition rate

The 12" and 13" harmonics show as expected a higher oscillation which helps for more precise
resolution. As mentioned before at about 18 s measurement time, the dt=0 point is reached. This
can be seen, as the amplitudes of the harmonics are lower due to saturation of the electronic
amplifier.

Also the amplitudes are not equal. The noise floor and the harmonics for reference and target
path have to be measured again, to create the theoretical values.

The measurement at Point 1 and Point 2 are taken to define the start and end values.

Important for the measurement is that, at Point 1 and Point 2 in Figure [80] the voltage is jittering
and decreases the measurement accuracy. This depends on the jitter of the used SESAM oscil-
lator.

With the measured values, the theoretical deviation of the harmonics can be regenerated, which
is illustrated in Figure [B1]
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Figure 81: Simulated values using the individual amplitudes of the higher harmonics
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The amplitudes and the offset of the theoretical values fit the deviation of Figure The mea-
surement of the first and second harmonic is hereby used to define the starting point, since the
12! and 13™" harmonics are periodic in dt, = 5 (see Section[2.6.1).

Starting Point 1 and ending Point 2 can be measured more accurate. This is like the measure-
ment principle as in Section Nevertheless, the accuracy is lowered compared to the prior
measurement with the Electrical Spectrum Analyser, since the oscillator jitter is still present and
prior observed harmonics had with 15" and 18! a higher number.

Compared with the first try, the readout is simpler since everything is done by a computer program.

For the first time, the FDDM CC signal is used for distance estimation. The same principle of
measurement used before for the harmonics is now applicable for the CC signal. The measured
values during the frequency shift can be seen in Figure 82
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Figure 82: Measurement of the CC signal shifting the repetition rate

Since the amplitudes of the 121" and 13! harmonics are not equal and have different offsets, the
CC signal shows the behaviour as mentioned in Section The measured values at Point 1
and Point 2 in Figure [82]are again taken for precise distance measurement.

Interesting to know, that the jitter of the oscillator caused voltage jitter for the 12" and 13™ har-
monics. Since for the CC signal, both jitters are subtracted from each other, the jitter measured

with the CC signal is lower correlated to the harmonics amplitudes.

The theoretical values can be calculated by using the amplitudes of the 12" and 13" harmonics.
The values are shown in Figure 83
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Figure 83: Simulated values of the resulting CC signal

The deviation of the FDDM CC signal and offset fit the measured values of Figure[82 The values
to generate the FDDM CC signal are taken from the prior measurement of the 12! and 13t har-
monics Point 1 and Point 2 in Figure [82]

A new advantage can be seen at this measurement method. Calculating the FDDM CC signal,
each spike has its own voltage maximum. If the frequency is shifted that Usc passes one of the
spikes, the 'dt’ value can be calculated instantaneously. The value is unique within the area within
dt € [0,0.5] or dt € [0.5, 1].

Therefore the CC signal implies advantages of the absolute value of ‘dt’ and the high precise res-
olution of higher harmonics.

With these values, the absolute optical distance can be calculated.

dt{ = 0.83641 dt, = -0,08842
fi = 79295864 Hz fo= 79112979Hz
—~m= 400 Nof= 1.4475 [48]
ADjop = 758.2421m  ADpoy = 758.2414m
Alfiper,1 = 523.828m Afipero = 523.828m

The here calculated values are the optical distance within the fibre which means, calculated with-
out a refractive index. The accuracy of this measurement is As < 1 mm. The accuracy of the
system described in Section showed an accuracy of As < 1cm.

The measurement accuracy with As < 1 mm is also the limit to measure the fibre length. Assum-
ing a dependency of refraction index of temperature with drng = 6.25 - 1078/K [55] even a change
of AT < 0.5K results in a lengths change of As < 1 mm. Since the fibre can not be temperature
stabilized this is defined as the resolution limit.

In summary, the FDDM CC method increases the resolution of the absolute distance measure-
ment. The measurement with a software program creates a direct output of the distance. The
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resolution of the system is limited by the change of refraction index due to temperature.

4.3.4 Frequency Synchronization over Stabilized Fibre

In Section the FDDM CC signal is used to lock the frequency of two optical oscillators.
In Section[4.3:3]a larger distance is measured using the FDDM CC signal.

To stabilize an oscillator over a larger distance the stabilization path itself must be stabilized to
guarantee a loss free transport of information. If the length of the path is known and stabilized, it
also can be used to transport the information of time from one point to another.

The combination of the prior sections allows the frequency synchronization over long distances
and a time transfer between both oscillators.

The optical setup is updated which can be seen in Figure [84]
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Figure 84: Setup to stabilize fibre and frequency transmittance

The pulses from oscillator 1 are still propagating through the fibre and back and are overlapped
with the reference path. The CNT oscillator shows lower jitter in the output spectrum and is there-
fore used for the fibre stabilization.

After the detection unit, the FDDM Board is still connected to the ADC. The measurement of the

harmonics is done as in the prior section. The software received an update, that an PID controller
is included to create a stabilization output. The update can be seen in Figure [85]

97



————————— n (T T T T T T T Thew
Envelope | 1% | 1| dig. Amplitude Phase dt, LabView |
| —»  Detection i

Detector | | & Modification Calculation GUI |

| ( orecise |

nd Stab.|Signal nd| dig. Amplitude .

Envelope | 2 | 129 % eon Phase dtZI P.reC|se | |
Detector | D | & Modification Calculation Distance |

—>f Detection i
Detector & Modification Calculation dtcc

Phase
Calculation

FDDM Board

Software
PID Controller

| DAQ T j— —
th IN_IN n| dig. Amplitude
Envelope 12 122°] " Detection Phasg dty,
Detector || | & Modification Calculation
Envelope | 13" (WWWW[W | | 130 dig. Amplitude Phase dtys

Figure 85: Updated software to create an output for length stabilization of the fiber

The ADC is capable of create a voltage output Ugt € [0V, 5 V]. This output is amplified with factor
30 using high voltage amplifier. The high voltage is then used to control the Piezo Stretcher.

The harmonics are recorded with total 40 kS/s which results in 10kS/s/channel. The last 8kS/s
are reserved for the output of the ADC.

A software PID controller creates the stabilization output which varies the Piezo Stretcher to mod-
ify the fibre length. The advantage of a software solution is, that any voltage point of the CC signal
can be used as a starting point. The hardware is bounded to stabilize the CC signal to one prior
defined point (to ’0’).

Important is that with the electronics, the amplitudes of the 12! and 13! are modulated to have
similar voltage output. This is used to create the norm CC signal. The resulting zero crossing
points are calculated as defined in Section [2.6.1|in Equation With this input, the absolute
distance to the second oscillator can be clearly calculated.

Pulse broadening due to group velocity mismatch of the pulse spectrum has therefore no influ-
ence on the FDDM CC signal. The adaption using the software avoids several issues using a
hardware setup.

To stabilize the second oscillator a part of the pulses from oscillator 1 is separated by a coupler
and then overlapped with the pulses from oscillator 2. The setup is afterwards the same used in
Section[4.3.2] A second FDDM Board and a second ADC of the same type are used.

The electronic signal is amplified to create a higher slope for the CC signal.

The measurement of the CC signal is measured for characterization. The results can be seen in

Figure [86]
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Figure 86: Characterized CC signals for fibre stabilization and oscillator stabilization

The slope for oscillator stabilization is with as = 121 mV/mm (a; = 36.3 mV/ps) higher than within
prior setups. This is caused by the new generated FDDM Board which is designed to create
higher voltage outputs. Also the Subtracter Board is modified to create higher voltages. Thus in-
formation is lost, if it's used for absolute distance detection. Since this setup is used for frequency
stabilization, saturation of the voltage is no disadvantage.

The slope for the fibre stabilization is measured to ag = 17.5mV/mm (a; = 5.25 mV/ps). Since the
whole signal processing is done electronically, the slope is not essential since the software PID
controller can be modulated to create the necessary output.

The total hub of the Piezo Strecher is defined to 300 um (2 - 150 um) [5Q] which is not enough to
create a long state (tg15 > 1 h) stabilization but results in the possible performance of this kind of
stabilization.

Therefore the frequency stabilization of the second oscillator is activated first, because its perfor-
mance is independent of the stabilized fibre. During the stabilization the CC signal is measured
with the second ADC with its full performance of 48 kS/s.

Afterwards the software stabilization is activated. For the start vale the current CC voltage value
is taken as set value for the PID controller. As long as the control loop works within its limits of
Ugtap € [0V, 150 V] the stabilization is activated. If the signal it outside of its lock-in range, the
recorded CC signal has a random drift.

In Section [4.3.2] it is mentioned, that the ADC is used only to record the hardware based CC
stabilization signal. For record this signal, only one channel is necessary with the calculated limit
of cADC imit(0.01s) ~ 10714,

For the software based stabilization, four channels are used and the measurement rate is limited
to 10kS/s/channel. With the CC slope of ag = 17.5mV/mm the ADC creates a stability limit of
oapciimit(0.018) = 10713, There is a performance difference of one order of magnitude between
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hardware and software stabilization, because of the used ADC.

In Figure [87] the stabilized fibre and oscillator signals are illustrated.
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Figure 87: CC signal of the fibre and oscillator stabilization

The stabilization of the fibre is maintained for tg,p, > 10 min and in parallel the frequency stabi-
lization of the second oscillator. The offset voltage of the fibre signal is subtracted for illustration.

The failure signal of the oscillator stabilization is higher since the slope of ag = 121 mV/mm
(a; = 36.3 mV/ps) is doubled compared to the slopes of prior setups.

The digital stabilization shows the same characteristic as the hardware setup. But the handling is
easier since the software can handle the Ug¢ value at each 'dt’ value, not only on dtzc (like the
hardware). Also, the PID controller can be fitted automatically with the slope input. To receive low
jitter performances of the CC failure signal, the PID controller must be adapted to the slope of the
CC signal. This can be programmed automatically.

The measured values result in an Allan Deviation which is shown in Figure [8§]
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Figure 88: Complete system stabilized over a 500 m fibre connection

The frequency of the oscillator 2 (SESAM) follows again the repetition rate of oscillator 1 (CNT),
which in turn is stabilized on the Rb-Standard.

The fiber is stabilized with As < 1 um at 1 s measurement time. This results in a time stabilization
oy(1s)=2- 10~1° which is more than 2 orders of magnitude better than the used clock standard.
Also the oscillator stabilization has with oy(1s) < 10" the possibility to create a stabilization
between two optical clocks, without loss.

As mentioned before, the used ADC for software stabilization is a stabilization limiter with oapg jimit(0-018) ~
1013, But the stabilization software itself reaches already this predefined limit. Thus it can be
expected, that with a faster ADC the performance can also be lowered to reach oy(1s) < 10715,

The digital system promises then a huge advantage compared to the analogue setup:

1) The amplitudes of the 121" and 13™ harmonics can be adjusted with software dependent
amplitude modification to receive the norm CC signal.

2)  The stabilization point can be defined at any dt value.

3)  The input for the PID controller can automatically be adapted to the occurring slope of the
CC signal.
Also the electronic setup can be created comparatively simple when an FPGA is used. Then a
higher measurement rate with higher voltage resolution promises stabilizations oy(1s) < 10715
without effort.
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4.3.5 FDDM CC within Dynamic Systems

A theoretical approach should evaluate the possible performance of a highly dynamic scenario
using FDDM CC. Since the stabilization ranges are higher than the BOCC system, a higher per-
formance is expected.

The FDDM CC stabilization range of lgn = 152 mm is characterized. The system itself has a
modulation frequency foq = 1 kHz which is defined by the HV amplifiers. Within this modulation
time the system can adjust itself without falling out of the stabilization loop. This results in a
maximum velocity of

Vinax = lstab - fmog = 152 mm - 1000 Hz = 152 m/s

The system would be capable of lock on targets with relative velocities up to 150 m/s. This value
is sufficient for velocities which occur in the scenario of neighboured satellites in the same orbit
(Vrel,max &~ 10 m/s, see Section 2.4.2). But the distance (D4 ~ 2-10”m) lowers the modulation fre-
quency 1o foq = 2 - D/c & 7.5 Hz which results in a maximum relative velocity of vmax = 1.14m/s.
Therefore even with the larger lock-in range of the FDDM CC method, the system would not be
able to lock on the target continuously. Nevertheless the time window to lock on the target would
be t = 26 min where the system could be used with its characterized performance.

Using the system within different orbits would result in a time window of t < 3s (D, = 6 - 10°m).
Implementing this system with these performances would be very challenging.

FDDM CC Summary

The FDDM CC system is capable of stabilize a lsj,re > 500 m whereas in parallel the CC signal
can be used for frequency adaption of a second oscillator system. When the fibre is stabilized,
the fibre length is exactly known (As < 1 um at 1 s measurement time) which can then be used,
for time transfer between the two oscillators.

Until now, the system shows no show stopper for stability synchronization with oy(1s) < 10715,

The handling is easier compared to the BOCC system since the lock-in range of the stabilization
is automatically done, by the deviation of the FDDM CC signal itself. Also no complex optical
system is required to receive similar performances than the BOCC setup.

The FDDM CC method is already applicable for the Galileo scenario with neighboured satellites
within one orbit. The time window for measurement and synchronization is with tsyn = 26 min
sufficient. Issues occur to measure/synchronize two satellites within two different orbits. Either
the velocity is to high, or the distance which decreases the modulation frequency of the system.
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4.4 Application for Space Missions

The purpose of the FDDM CC system is the application in space, especially for GNSS. Future
developments are focused on the development of a possible 'world time’ outside the earth using
GNSS: A system which can stabilize itself using every available clock within the satellites. This
possibility is studied in the OCTAGON?2 project [56].

Best performance time distribution from ground to satellite reaches a timing jitter of less than
10 ps after a integration time of t > 100 s [57]. Using the FDDM CC method or the BOCC system
promises the advantage of inter-satellite communication due to time distributions with sub fs per-
formances. Both systems are adequate to serve for a system with optical atomic clocks.

For distance resolution the BOCC system shows a performance which is more than one order
of magnitude better than the FDDM CC system. As mentioned before, the distance resolution
relates on the detection system and the used optical standard. This is a basic principle of any
measurement systems. Therefore the measurement accuracy has its limit with the used frequency
standard. Also time distribution is limited by this factor. Figure illustrates the correlation be-
tween distance resolution and absolute distance.
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Figure 89: Correlation between CC systems, used time standard and absolute distance resolution

For satellite formation flights like GFO both systems would be sufficient for an application. For
Systems like Galileo with an H-Maser as a time standard, both systems would result in the same
performance, since the time standard itself is then the limiting factor. This means the current
Galileo system would profit of each CC already.

If an optical atomic clock would be installed in a GNSS (Galileo updated), the BOCC system
would be in advantage dependent on distance resolution. But since the time distribution with both
system is limited by the clock of oy(1s) = 10713, there would be no total advantage for the BOCC
system.

Regarding time and frequency distribution within Galileo, both systems have issues with dynamic
scenarios, since the velocities are too high for their possibility to lock on the target. At least the

FDDM CC method would be able for time and frequency distribution within the same orbit.

A solution for both scenarios would be if the system is installed in both satellites: Primary and
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Secondary principle. The pulses from a primary satellite would be detected on the secondary
satellite and send back. This has several advantages:

1)  The modulation frequency of the optical pulse lasers does not depend on the distance
2)  The relative velocity has no influence on the locking performance between two systems
3)  The locked pulses of the secondary satellite are equal to an optical amplification

to 1):

The pulse laser of the secondary satellite is synchronized with the incoming pulses of the primary
satellite. It is not necessary that the pulses propagate the distance between the two satellites.
therefore there is no time delay dependent on time of flight between the satellites. The modula-
tion frequency of the pulse laser to lock on the incoming pulses depends on the hardware of the
pulse laser itself. With the parts used in this thesis, the HV ampilifier for the Piezos with its limiting
frequency of f,oq = 1 kHz would be the limiting factor.

to 2):

A relative velocity between two satellites results in a frequency shift of the repetition rate (see
Section[4.1.3). The frequency shift is also present in the secondary satellite. If the relative veloc-
ity would stay constant, the shift is a constant in the secondary satellite. The pulse laser in the
secondary satellite has to adapt its repetition rate once to the incoming pulses. This would be the
same scenario shown in Section where the secondary oscillator is locked on the primary
oscillator, with the given performances. The secondary satellite must only adapt its repetition rate
to velocity changes (accelerations) between the two satellites.

Acceleration values are a < 1.5mm/s? within the same orbit and a < 5m/s? between different
orbits.

The BOCC system with full modulation frequency (fmoqmax = 1kHz) is capable of lock on targets
with accelerations up to agogc < 2.4 mm/s?. The BOCC system would then be able to be used
for inner-orbit time and frequency transfer, but not for inter-orbit synchronizations.

The FDDM CC system with full modulation frequency could lock until accelerations arppyce <
152 m/s2. This would be sufficient for time and frequency transfer in any scenario.

to 3):

The propagation through long distances results in an attenuation of the optical power of the
pulses. When the second oscillator is locked on the primary oscillator, these pulses are equal
to the primary pulses. The pulses of the second oscillator could be send back (amplified) to the
primary satellite. The pulses must travel the distance only once.

Using the updated scenario, the FDDM CC method is capable of handle all scenarios of the GNSS

mission. Also the singular propagation with an additional amplification at the secondary satellite
is an additional advantage.

104



T @

An algorithm can be created for time and frequency synchronization (including Doppler Shift) after
precise distance determination. The application of the FDDM CC system has its advantages in
simplicity of the data handling. The Algorithm is described in more detail in Appendix@
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5 Summary

Within this dissertation a new method of time and frequency transfer and an included precise dis-
tance measurement between two points is presented.

The Frequency Domain Distance Measurement (FDDM) method is capable of absolute distance
measurements with resolution limits defined by the based reference clock itself.

The Frequency Domain Distance Measurement Cross Correlation (FDDM CC) includes all ad-
vantages of other known equivalent methods but with increased simplicity in handling, complexity
and robustness (see Appendix[F).

During the thesis several electronic devices are created:
- Compact synthesizer board with frequency resolution Afy < 1 mHz and stabilities oy(1s) =

2.10718 (Section

- Frequency comparator for fine frequency resolution with measurement accuracy dependent
on synthesizer board (Section »
- FDDM Board for harmonics separation and measurement (Section (3.2.3)

- Subtracter Board to create CC failure signal and control loop for stabilizations (Section
3.2.4)

All electronic boards include low noise parts which are also available for space applications. The
electronic is therefore already adaptable for next space relevant developments.

The FDDM method is clearly verified in Section At the first try the system is already capable
of distance resolutions As < 1cm.

The length of an optical fibre is measured in Section [4.1.2| with the resolution limit of the FDDM
method. Therefore the origin application of the FDDM method is validated.

As shown in Section the FDDM method is also capable of measure velocities with v,g >
10 km/s with resolutions Av, (1) < 1cm/s using an automated LabView software.

A Balanced Optical Cross Correlator (BOCC) is created in Section 4.2 with the background of the
FDDM system and its applicability in space for GNSS systems. The setup is capable of distance
resolutions of As(1s) < 10nm.

It is also shown that frequency transfers with oy(1s) < 107" are possible with the BOCC system.
A fibre with lge > 100 m is stabilized to As(1s) < 10nm.

The BOCC as a distance measurement system is already proofed by multiple publications. The
setup created in this thesis is defined to compare performance, handling, compactness, simplicity
and robustness with the new FDDM (CC) method. It is also tested for special requirements for
space applications in Galileo or GFO.

Section |4.3| contains validation, characterization and application of the FDDM CC method.

First measurements in Section are a proof-of-concept. The result suits the theoretically pre-
diction prepared in Section Using a software program modifies the CC signal to its norm
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form without loss of information. The advantage of the digital method is that amplitude variations
of the FDDM CC signal can be avoided which cause dt;¢ shifts (time/lengths shifts).

After characterization the FDDM CC signal is used for frequency lock between two oscillators,
which is shown in Section The frequency of one oscillator is synchronized with a second
oscillator without loss of stability. The lock between the two oscillators with oy(1s) < 107 is
sufficient for frequency synchronization between two optical clocks.

Since the FDDM CC signal is characterized to have a higher distance resolution, in Section[4.3.3
the length of an optical fibre (I, > 500 m) is measured with accuracies limited by optical char-
acteristics of the fibre to As < 1 mm. The calculation of the lengths is done automatically using a
LabView software.

After determination of the fibre lengths, in Section[4.3.4Jthe fibre is stabilized with a Piezo Stretcher
and a LabView software to guarantee the exact optical length between two distant points (As <
1um). A second oscillator is frequency stabilized at the other end of the optical setup. The
stabilization of the fibre and the oscillator transpose the frequency from one point to a distant
point (D > 500 m) without loss of stability. The limit of the stability is caused by the speed limit
of the used measurement and control hardware. There is no show stopper to reach stabilities
ay(1s) < 10~1° which is suitable to synchronize optical atomic clocks (time and frequency) over
large distances.

The FDDM CC method has no criterion for exclusion that performances equal to the BOCC setup
are possible. The new system would be capable of handle dynamic systems for ground and space
applications with same performances including simple optical setup and easy electronic efforts.

With the first try, the FDDM CC system has already proofed performances to full fill all require-
ments for applications in space (see Section[4.4). The simplicity of the setup results in low power
consumption, low volume and high robustness. Also all electronic devices necessary to create
these performances are available with space qualified hardware.
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6 Outlook

Further developments for FDDM CC would include concentration on automation of signal evalu-
ation and automation of the system. The next project (ADAM&EVA2) will include the theoretical
concept of real time synchronization of a simulated GNSS scenario.

The target should be to create a network between three optical setups. Each of the setups sim-
ulates a satellite, with own time standard (Rb Standard), OFC and stable HeNe-Laser. The next
step is to design each system for automatic function and communication between the systems.
Since an optical link is necessary to use any optical measurement system, the link could also be
used for data communication.

In Appendix [E]an algorithm is described how communication between the satellites which is nec-
essary for calculation and Doppler Shift compensation. This information could be done by digital
optical transmission by a slightly different wavelength as the optical oscillator.

The time transfer between two systems is handled theoretically within this thesis. The proof-of-
concept should be done in the next phase. A possibility for time transfer is coding a single pulse
and define it as 'ty’ to be transmitted from a primary oscillator to a secondary oscillator. Since the
FDDM CC system is capable of oy(18) < 107" frequency synchronisation the time distribution
should be able with the same performance.

With the next steps a complete setup between multiple systems would be created and can define
the real performance of the FDDM CC method. A complete setup is illustrated in Figure [90]
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Figure 90: Possible setup for a satellite system

Coded pulses propagate from a primary satellite to a secondary satellite with information about
velocity and distance. Since the secondary oscillator is locked automatically to the primary satel-
lite its output can be seen as an amplification of the pulses which are sent back to the primary
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satellite. An outcome of this thesis is that for FDDM CC a special polarization of the pulses is not
necessary. A fibre setup with multi-mode fibres would increase simplicity of handling.

This first proof-of-concept shown in this thesis presents the various possibilities of the FDDM CC
system. Until now, the main focus is on applications for GNSS or GFO, but ground applications
would be interesting as well. An important aspect is an optical link between two points outside of
the laboratory, for distance measurements or time distribution as well.

A measurement shows frequency transfer over optical fibre without high effort. Most institutions or
universities would profit of a time distribution system in a local area. Also the ground application
using optical fibre over large distances (D > 100 km) would be interesting.
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List of Abbreviations

ADAM & EVA | Absolute Distance Accurately Measured and External Vehicle Adjustment
ADC | Analogue Digital Converter
BOCC | Balanced Optical Cross Correlator
CC | Cross Correlation
CEO | Carrier Envelope Offset Frequency
CNT | Carbon Nano Tube
DFG | Differential Frequency Generation
FDDM | Frequency Domain Distance Measurement
FFT | Fast Fourier Transformation
FPGA | Field Programmable Gate Array
FWHM | Full Width Half Maximum
GFO | GRACE Follow On
GNSS | Global Navigation Satellite System
GRACE | Gravity Recovery and Climate Experiment
HF | High Frequency
H-Maser | Hydrogen Microwave Amplification by Stimulated Emission of Radiation
HV | High Voltage
OAC | Optical Atomic Clock
OFC | Optical Frequency Comb
PLL | Phase Lock Loop
PID | Proportional Integral Derivative
PM | Polarization Maintaining
Rb | Rubidium
RMS | Root Mean Square
SAW | Surface Acoustic Wave
SESAM | Semiconductor Saturable Absorber Mirror
SHG | Second Harmonic Generation
SNR | Signal to Noise Ration
VCO | Voltage Controlled Oscillator
WDM | Wave Division Multiplexer
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Appendix

A Lattice and Single lon Optical Atomic Clocks
To see the complexity of the an optical atomic clock, the optical transitions necessary for function

should be shown. Transition stages of two different optical clocks are shown in Figure [91]to have
an overlock of the required laser systems.
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Figure 91: Examples for Clock, Cooling and Repumping transitions

The correspondent laser systems are listed in Table[9]

Table 9: Example of used light during Yb* or Sr OAC operation [8] [58]

Lasers Yb Single lon Clock | Wavelength Lasers of Sr Lattice Clock | Wavelength
Cooling stage | 369 nm First cooling stage | 461 nm
Repumper | 936 nm Second cooling stage | 689 nm
Repumper | 760 nm Stirring and spin polarization | 689 nm
Octupole Clock | 467 nm Repumper | 679 nm
Photoionization | 399 nm Repumper | 707 nm
(Quadrupole) | (411nm) Lattice | 813 nm
Clock | 698 nm

Two optical clock types are shown in Figure [91} single ion clock and neutral atom (lattice) clock.

Each clock type has its advantages and disadvantages. The main criteria for comparison is the
amount of laser system which are required for functionality of an optical atomic clock. Also each
laser type requires itself high stability to work properly, e.g. the second stage cooling laser of the
Sr Lattice Clock requires a line-width at Af ~ 10 kHz [58] which correlates to oy(18) ~ 4 - 10711,
Thus an additional laser stabilization is required to receive performances in this area (highly stable
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External Cavity Diode Lasers).

A.1 Lattice Clocks

The lattice clock is equal to the HF Standards mentioned before. Multiple atoms (about 108) are
excited with one ’clock laser’ or ’clock microwave’ the same time.

To receive a large amount of neutral atoms the physics package of a lattice clock works mostly with
cooling laser and a magneto optical trap. Also a continuous particle flux is necessary because
the investigated particles are cleared out of the magneto optical trap when the investigation is
finished.

In Figure [92] a setup of a physics package of a Lattice Clock is illustrated.
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Figure 92: Schematic setup of the physics package of a Lattice Clock [20]

The particle beam distributed from a particle oven is cooled down in counter direction using the
Zeeman Effect [59] to cool the particles from hundreds of Kelvin to less than 1 Kelvin. To select a
specific amount of particles and provide particle colliding, a guiding laser (cooling laser) deflects
some particles to a magneto optical trap (MOT). The MOT with its coils controls the inner magnetic
field using Maxwell coils. A schematic setup can be seen in Figure [93]
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Figure 93: Schematic setup of a MOT for Lattice Clocks

Within the MOT the particles are trapped using first and second stage cooling laser combined
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with repumping laser. A special laser system is also in use, which gives the name for the clock
type: the lattice laser. The lattice laser with its 'Magic Wavelengths’ is a standing wave across the
particles. The Stark Shift [59] induced by the lattice laser is equal for ground and excited state
of the clock transition. With a standing wave the particles are arranged to a lattice since they
are 'trapped’ within the low potential of the standing wave. Dependent on the used lattice laser
setup, 1D, 2D or even 3D lattices can be created [20]. Even one standing wave is challenging to
create regarding the requirements of the laser and the optical setup. Higher dimension lattices are
even more challenging. The advantage of the lattice formation is that the particle are prevented
of collision and movement. Collisions broaden the narrow transition frequency as well as their
movements. Also a higher amount of particles can be investigated when the particles are trapped
within a lattice laser. This results in a statistical advantage and therefore a lower Allan Deviation.
When the particles are cooled and trapped with the lattice laser, the investigation can be done.
Therefore highly stable lasers are required.

The Lattice Clocks promise highest performances but imply also highest requirements on tech-
nology and complexity. It has do be mentioned, that accuracy values are only theoretically since
a long time comparison (t > 1h) between two optical time standards is not yet achieved (for
now). Also a geopotential difference of Ah ~ 1cm on earth surface would create a frequency
shift (red shift) of the transition frequency higher than the accuracy of the clock [20]. Therefore
measurements of this accuracy are challenging to implement on earth.

A.2 (Single) lon Clocks

The (single) ion clock is different only in the physics package compared to the before described
Lattice Clock. 'Single’ is kept in brackets because most lon Clock types are concentrated using
only one ion. But the physics package could be modified to create traps for multiple ions. When
quantum logic clocks are used, basically two ions are within the trap.

The physics package of a Single lon Clock is schematically shown in Figure
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Figure 94: Schematic setup of physics package of a Single lon Clock [20]

Auxiliary Lasers

The element is concentrated within an oven. The hot oven dispenses the particles in direction of
the Paul Trap centre. Using two level ionizing the particles lose one electron and are then trapped
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by their electronic load within the fluctuating field within the Paul Trap. When a particle is trapped
the oven is deactivated that no further particles could accidentally collide with the trapped ion.
This is the largest difference between the Lattice Clock and the Single lon Clock: The particle
stays trapped within the trap and is not exchanged after investigations.

The particle is cooled down and repumped until lowest temperatures in micro-Kelvin scales are
reached. Then the particle is ready for investigation.

Single lon Clocks have similar performances than Lattice Clocks. Even when the handling is ’sim-
pler compared to Lattice Clocks, the accuracy values are still theoretically caused by the same
limitation as mentioned in the prior section.

Interesting to know, that this trapping type is 'similarly’ used for quantum computing using multiple
ions within one trap. A quantum logic clock can not only be used as reference clock but represents
also a quantum computer with two qubits.

A.3 Optical Atom Clock Setup

In the prior two Sections, the physics package of both clock types is described.

The complete clock setup includes also the handling of the Clock Laser and the auxiliary lasers.
Auxiliary lasers contain any laser type except the clock laser.

The Clock Laser is locked by Pound-Drever-Hall stabilization to an ultra highly stable cavity. The
cavity is a ’simple’ crystal tube (ultra low expansion glass) with coated mirrors. This setup con-
tains highest requirements on mechanical robustness, thermal stabilization and crystal/coating
properties. The laser created with these cavities have the highest available performance.

The optical interaction within an OAC is roughly illustrated in Figure [95]
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Figure 95: Schematic setup of the laser interactions

The highly stable clock laser locked on the cavity would drift like any oscillator without a norm.
The norm are the atoms or ions which are for investigation. Using the Ramsey Method [60] for
precise transition detection controls the Clock Laser to provide any frequency drifts. The output is
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then an absolute highly stable laser at the optical area which can be used as a new time standard.
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B Frequency Comb and its Interaction with Optical Clocks

B.1 CEO Definition and Handling

Within the optical area, an additional effect defines the output of a short pulse laser: the Carrier
Envelope Offset Frequency (CEQO).

The CEO is caused by the output pulses of the oscillator and the non-perfect mode lock of the os-
cillator. The pulse length itself is defined by the length of the envelope of the pulse. But within the
pulse the mode is shifted by a special phase, which defines the CEO. Figure[96lillustrates the shift.
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Figure 96: lllustration of the phase shift from pulse to pulse [20]

In Figure all necessary information of the physics of an OFC is illustrated. The time offset
between two pulses defined by the oscillator length, the phase shift from one pulse to another
and the correlation between pulse lengths and repetition rate (1/fggp >> o).

If optical atomic clocks are used, CEO stabilization or termination is essential. Using f2f-interferometry
or CEO free combs are two ways to handle with the CEO.

Both systems require super continuum and non-linear crystals with focus on second (second har-
monic generation) or third order effects (sum and difference frequency generation).

A super-continuum for CEO detection requires at least one octave of frequency span. A highly
non-linear optical medium with focus on third order non-linearity can be used to create a super-
continuum (e.g. non-linear optical fibre) . When the octave spanning continuum is created,
Second Harmonic Generation (SHG) of the lower frequency must be done, see Figure A
more precise description of SHG is given in Section [2.6.2
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Figure 97: lllustration of the fogg detection due to second harmonic generation

A part of the super-continuum is frequency doubled and overlapped with itself. The result is the
measurable CEO frequency. This technology is used since the beginning of OFCs [61]. The re-
sults of this setup are two frequencies (frgp, fceg) Which can be modified to change the optical
output of an OFC.

Another approach is to 'delete’ the CEO [62].

The third order non-linearity allows sum and difference frequency generation. An even larger
super-continuum is required, with increasing issues of handling. The pulses with super-continuum
pass a crystal with third order effect, for differential frequency generation. The principle is illus-
trated in Figure [98]
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Figure 98: fcgo termination due to differential frequency generation

Two parts of the super-continuum interact within the crystal to create a ‘'middle’ frequency.

fg=fo+fy = fa=f3—t =i-frep +fceo—i-fRep —fceo =K fReP
The differential frequency generated pulses contain no CEO. Therefore stabilization is not neces-
sary.
This technique seems most promising, but the handling of super-continuum of this size is chal-
lenging and requires a distinguished balance between pulse duration and pulse power. Also, the
possibility of delete fogo can also be seen as loss of a degree of freedom.

Both types of OFCs enable to measure a random optical frequency with precisions Af/fy < 10716,
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This is necessary if the random frequency is the output of an OAC. It is essential that the per-
formance of an OFC is better than an OAC. Otherwise the performance of an OAC would be
lowered. Since OFCs are already commercially available with sufficient performance values this
is not a show stopper. Also first applications for space are in development status.

B.2 Frequency Comb Interaction with Optical Atomic Clocks

The purpose of an OFC is not only to measure laser frequency very precisely. To lock the OFC
to a laser source enables to transform the laser stability to the electronically measurable HF area
indicated by the stability of the repetition rate. The OFC is therefore a connection between the HF
area and the optical area.

The stabilities described in Section can be adapted to the OFC. The interference frequency
Af is detected and/or controlled. The OFC-OAC-interaction is illustrated in Figure [99
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OFC Optical Optical
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Control (Rep.Rate, CEO) Control
Amplifier, (SHG), Signal Signal f-2f-
HNLF Interferometer

Phase Lock Loop

0AC Highly stable LL (Rep.Rate Local Phase Lock Loop

Optical Output , f, Stabilization) Oscillator (CEO Stabilization) feeo

Figure 99: Schematic setup of an OFC stabilized to an optical standard with CEO stabilization

In this example, the OFC contains a CEO detection and stabilization unit. The highly stable in-
put of the OAC is overlapped with the optical output of the OFC. The interference frequency Af
is stabilized with a PLL. A stable local oscillator serves as frequency input for the CEO and Af
stabilization. The repetition rate is locked to the optical frequency of the OAC.

The setup is similar with CEO free OFCs as can be seen in Figure

OFC DFG CEO Optical
Termination Output Oscillator Highly stable
(Rep.Rate) Rep.Rate Output
Amplifier, (SHG), Control
HNLF Signal

Phase Lock Loop

Highly stable LL Local
OAC Optical Output | f, unit [pp] (Rep-Rate e Oscillator

Stabilization)

Figure 100: Schematic setup of an CEO-free OFC to an optical standard

The CEO-free OFC profits of a single frequency stabilization. However the complexity of the man-
agement of a CEO-free spectrum is challenging. When Af is stabilized to a local oscillator, the
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repetition rate takes over the stability of the optical standard.

The repetition rate contains the high stability of the optical clock. This high stability is to be trans-
ferred to other systems for synchronization or comparison, in static or dynamic systems. This is
an essential requirement for the methods presented in this thesis.

Situational the repetition rate must be modified (e.g. Doppler Shift). Adjusting the CEO or Af
results in the required frequency adjustment of the repetition rate. Adjustment in sub-mHz area is
possible and sufficient for any frequency shifts.

The optical output of an OFC must cover the optical output of an OAC for interference. The optical
output of an OFC is defined by its amplification element:

Erbium: 1560nm [20] Yiterbium: 1040nm [63] Ti-Sapphire: 780nm [64]

Pulses of these wavelengths can then be optically broadened to create super-continuum. How-
ever handling of Ti-Sapphire pulse lasers requires free-beam optic which is challenging compared
to possible in-fibre setup using Erbium or Yiterbium. Also the characteristic of Yiterbium results
in longer pulse durations which imply issues handling the CEO or creating Differential Frequency
Generation for CEO-free OFCs. The element of choice for OFCs (especially for space applica-
tions) is Erbium, since technological development using space applicable in-fibre technology is in
advance compared to the other two element setup [20].

But the centre wavelength of Erbium at 1560 nm is too far away from required optical areas of

OACs (e.g. see Table[9). The solution is to enlarge the optical spectrum of an Erbium OFC. Fig-
ure[101]shows some examples of OAC optical areas and the correlation with Erbium doped OFCs.
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Figure 101: Optical spectrum of OFC and OAC examples

The enlargement of the Erbium optical spectrum would be a possibility to handle the optical output

of OACs with Erbium OFCs.
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C Synthesizer Board

The simplified overview of the Synthesizer Board is shown in Figure [102]
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Figure 102: Schematic setup of the designed synthesizer board

The loop filter is special designed for each VCO since the properties of each VCO are different.
For the design a special dedicated software is used programmed by the same company which
designed the fractional N-Synthesizer [65].

The software considers four phase noise sources and create a simulated phase noise output. An
example of a 100 MHz VCO is shown in Figure[103]
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Figure 103: Example of a simulated loop filter with different noise floors and the overall noise

Every source has its phase noise behaviour and must be considered.

Generally data sheets of VCOs and Reference Oscillators are available and can be added to the
program. The software itself contains already the phase noise of the used synthesizer.

The software suggests a loop filter which must be adapted. Every change of the loop filter has
strong influences on every phase noise. The target is to minimize the overall noise of the loop.

The synthesizer board is designed by this simulation. Nevertheless the real setup results in a
different phase noise as can be seen in Figure
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Figure 104: Example of a real noise measurement of a 100 MHz synthesized frequency

An Electrical Spectrum Analyzer is locked on a H-Maser with an internal 10 MHz thermal stabi-
lized ultra low noise oscillator (TCXO) as reference. The phase noise of the synthesizer board is
then measured.

The characteristic of the VCO at 100 MHz is clearly different as the design. Nevertheless the in-
tegrated phase noise is with [, "% Sy (f)df = 185fs (o (1 5) < 2-1073) sufficient for Rb-Standard.
Also shown in Figure[104] the integrated phase noises within several frequency areas (separated
in decades). The largest part of the phase noise (61%) is within 10 Hz and 100 Hz. This is the
area where the frequency control loop has its limit of the modulation frequency of the VCO. Any
modulation over 30 Hz have less influence on the oscillator stability as below 30 Hz.

To verify the stability output of the synthesizer board, the board must be connected to a frequency
standard with highest stability. For verification a H-Maser is used with the setup illustrated in

Figure [T05]
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(H-Maser) Board CH2 100 MHz >

Phase Comparator
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Figure 105: Schematic setup to verify the best performance created by the synthesizer board
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The Synthesizer Board multiplies the 10 MHz reference of the H-Maser two times. One of the out-
puts is then used as reference. The second output as the measurement frequency. This implies
that the measurement results in the VCO with the lowest performance.

The phase comparator itself has a defined stability limit at oy(1s) < 2- 104 [43]. This is enough
for this measurement since the H-Maser has its limit at o (1) ~ 8 - 1074,

The synthesized stability of the synthesizer board for a 100 MHz oscillator is shown in Figure

0,(T)
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10° 10" 10° T 10° 10" 10°

Figure 106: Measured stability of the synthesizer board
As can be seen in Figure [106] the synthesizer board has the possibility to create signals with
stabilities at oy(18) =2- 10~13 and fits the estimated phase noise of Sy = 185fs. The stability limit
of the synthesizer board is therefore sufficient for any measurements with Rb-Standards which

have stabilities at oy (1s) ~ 10712,

The synthesizer is characterized only at 100 MHz since the frequency comparator allows only fre-
quency inputs of 100 MHz + 10 mHz [43].
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D FDDM Board Harware Setup

For the setup of the FDDM Board exist three essential targets:
— Separate the harmonics from each other

— Adapt the output voltage to have similar/equal amplitudes

— Create high SNR

The schematic setup is shown in Figure [107]
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Figure 107: Schematic setup of the FDDM board for harmonic separation and detection

The frequency splitter has a frequency dependent characteristic. Also a low noise splitter is
needed to add as less noise on the SNR as possible. The used splitter has a frequency linearity
which varies between -6.7dB at 50 MHz to -7.6 dB at 1 GHz.

There are several bandpass filter used in the circuit. For the first and second harmonic a self
designed Chebichev bandpass filter in 51 order is sufficient for separation of the frequency. For
the 12t and 13! harmonic Surface Accustic Wave (SAW) filters are used. SAW filter are special
filters with the property of a narrow band pass at higher frequencies. Mostly used also in GNSS
or mobile phone applications to separate neighboured carrier frequencies.

A disadvantage of the SAW filter is that their attenuation is quite different to each frequency: -3dB
at 960 MHz and -5dB at 1040 GHz. Also not any arbitrary frequency is available since the produc-
tion of SAW filters comply with their application on different mass markets (GNSS). This is also
the reason, why the 12" and 13" harmonics are chosen. These frequencies are available with
affordable prices and are in a frequency area which is still manageable dependent on frequency
properties above 1.5 GHz.

Every filter contains attenuation as well as the splitter. The fast detection unit is limited to +5dBm
per harmonic. Higher amplitudes of the harmonics would create saturation and distort the signal.
After the filter, the lower amplitudes receive an attenuation of total -7 dB to about -2 dBm. The 12t
harmonic received an attenuation of about -10dB to -5dBm and the 13 harmonic with -12dB
attenuation to about -7 dBm.
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The Envelope detectors can handle inputs until +17 dBm (without loss of linearity). Thus the lower
frequencies are amplified by a low noise amplifier with +15dB whereas the higher frequencies
receive an amplification of +20 dB. Nevertheless there is already a difference of 2dB between the
12t and 13" harmonic which must be considered for further amplitude modifications.

The envelope detectors have an output for envelope detection and for Root Mean Square (RMS)
value of the reference signal. Since the modulation frequencies (f,oq < 10kHz) of the harmonics
are below the origin purpose of the envelope detector (f,og > 10 MHz) the RMS output can also
be used for FDDM detection. The correlation between input power and output voltage is shown in

Figure[T08]
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Figure 108: Correlation between input and output voltage of Ugyy (left) and Urys (right) [66]

Both outputs have a linear correlation between input power and output voltage within P;, €
[-20dBm, +17 dBm]. Important is hereby the behaviour of each output at P;, — 0:

Uenv — 0 whereas Ugys — 30 mV (see red circled areas in Figure [T08).

The voltage offset of Ugyg results in a limited SNR of

AU _ 0.08V
Up = 3V

=102 = SNR < 40dBc

The ground noise of the RMS output would limit the performance of any stabilization loop. There-
fore only the envelope output should be used for exact measurements or stabilizations. Its noise
floor is only limited by the general noise floor of the circuit board. Additionally since the neigh-
boured harmonics receive an attenuation which results below -30 dBm, it can be used to terminate
them.

The RMS output can be used for monitoring of the functionality.
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E Algorithm for Time / Frequency Synchronization

The distance determination described in prior sections can be summarized in algorithm. The aim
is the precise distance detection to track the target with BOCC or FDDM system, which includes
also static systems.

The algorithm illustrated in Figure [T09] presents a rough overview.
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Figure 109: Algorithm for distance determination for both systems

The FDDM CC method is used to receive the primary 'dt’ value and the velocity of the target.
Because distance calculation requires two point measurement, the repetition rate of the oscillator
must be changed. If the pulse laser is connected to a HF-Standard, the repetition rate is directly
modified. If an OFC is used which is locked on an OAC the optical interference between them
(Af, see Section can be shifted.

During the frequency shift, the FDDM (CC) signal is continuously measured until the multiple fac-
tor’n’ is calculable. As soon as the multiple factor is available, the target locking can be activated.
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Two possibilities are available for target locking: BOCC or FDDM CC system.
In static systems both methods would be available. At dynamic scenario with velocities above
Vel > 2.4 mm/s (see Section [4.2.4) only the FDDM CC system can be used.

Before starting the BOCC loop the BOCC signal must be available, which implies a frequency
shift of the repetition rate of the oscillator until forward and backward SHG signals are available
with similar intensity. Afterwards the BOCC loop is activated and controls the repetition rate. The
output signal can also be used for fibre stabilization.

The calculate the 'dt’ value using the BOCC system (during lock) is simpler than the FDDM CC
system. The zero crossing point of the BOCC failure signal is a multiple factor (n") of the oscilla-
tor length.

If the system is out of loop, it must be started again with the intensities of forward and backward
intensities.

The activation of the FDDM CC loop is simpler compared to the BOCC loop. The ‘zigzag’ form of
the FDDM CC signal with its multiple zero crossing points and their slopes allows an automatic
lock to one of the zero crossing points. The ‘dt’ value is clearly defined by amplitude measure-
ment. If an abrupt outer perturbation interrupts the loop, its automatic function guarantees an
instant lock again.

This rough overview of the algorithm presents the simplicity of the administration of a precise
distance measurement using FDDM CC compared to BOCC. Amplitude detection calculations of
zero crossing points, slopes and velocity determination are not included since these are neces-
sary for both systems.

For time and frequency transfer a second algorithm is created which implies only the FDDM CC
system. ltis illustrated in Figure [0}
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Figure 110: Algorithm for frequency transfer with FDDM CC

The interaction between two oscillator systems is required for a dynamic synchronization. The
primary system is responsible for precise velocity and distance detection. The precise velocity
implies the information of the Doppler shift. The velocity detection is directly connected with the
absolute distance, which can be used to create a time synchronization between System1 and
System 2.

System 2 receives the pulses from System 1 and locks to its pulses with the FDDM CC method.
For static systems, a frequency synchronization is already implied. The oscillator of System 2 is
synchronized and sends parts of the pulses back to System 1. System 1 detects the pulses that
starts a distance and velocity measurement. After all variables are available, the systems have to
communicate to each other (electronically or optically).

As soon as the second system receives data of System 1 it can adapt possible Doppler shift due
to relative velocity.

The data of System 1 includes also pulse codes to mark one specific pulse which transports after

all calculation time 'ty’ from System 1 to System 2.
After this procedure both systems are synchronized and the connection can be capped.
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Until now, 'only’ the proof of concept of the FDDM CC method is shown. Further developments
should include data acquisition, data processing, data communication and more digitalization of
all systems.

Itis shown, that a digital system is capable of create equal performances with easier handling and
more degrees of freedom compared to analogue techniques.
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F Trade Off

There are several systems which have similar applications.
A trade off between the systems is listed in Table

Table 10: Trade Off between different systems
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