Optical Clock Technology for Optimized Satellite Navigation
M. P. Plattner®, U. Hugentobler®, D. Voithenleitner®, M. Heinze®, V. Klein®, K. Kemmerle®, S. Bedrich®
@ Kayser-Threde GmbH

Wolfratshauser Str. 48, 81379 Miinchen, Germany
markus.plattner@kayser-threde.com

@ Technische Universitat Miinchen
Institut fiir Astronomische und Physikalische Geodés
Arcisstr. 21, 80333 Minchen, Germany
urs.hugentobler@bv.tum.de

ABSTRACT

The primary payload of navigation satellites am@bkt clocks. Today the first navigation satellisgrging a passive
hydrogen maser is in orbit. In future navigationeBdes may carry ultra-stable optical atomic &ecAs part of a
research project we investigate the optimizatiotepiial for GNSS by the use of ultra-stable clooksatellite and
ground segments. A primary goal is to identify ogkiclocks which are best suited for GNSS implemuigo. Not only
high performance concerning stability and accuratyhe frequency standards but also the capabidityspace-
qualification is a requirement for such clocks. ffere we analyze different optical clock technadsgdeveloped by
European metrology institutes and research fagsliih terms of performance and space qualificdével.

An optical frequency comb as one subsystem of ditadpclock was in this context examined in detailan ESA
funded GSTP project. Two commercially available méatked lasers based on rare-earth doped fibars baen
analyzed and tested under space relevant envirdahwmditions. We present test results of theritermal-vacuum
and radiation tests and discuss the non-linearrigation rotation mode-locking in view of the abjlifor space
qualification. All tests indicate that mode-lockihgsed on polarization rotation is extremely séresib environmental
influences.

The Bernese GPS Software was used to evaluateetf@mance benefits of ultra-stable clocks by satinl different

scenarios. Dedicated tests demonstrate that atbotracking data from sparse global tracking neksqrecise GNSS
satellite orbits are determined when satellite atadion clocks are modeled. The results are ofnpialeinterest for

designing the ground segment for future globalltat@avigation systems.

APPLICATIONSOF ULTRA-STABLE CLOCKSFOR SATELLITE NAVIGATION

Positioning and navigation using Global Satellitavigation Systems (GNSS) is based on measureméttie travel
time of signals from the satellites to the useeiegr. Clocks play thus a fundamental role, antllstatomic clocks are
the main payload of GNSS satellites. For standasditipning and navigation applications the userawois all
information from the satellite through the broadaasssage. The predicted orbit and clock infornmatiblow him to
navigate in real-time. For high precision applicas, on the other hand, additional informationoidaly required such
as precise satellite orbits and clock correctiongarking data from nearby reference stationsciBeeorbits and clock
corrections at an accuracy level of a few centinseige available from the International GNSS Seryid for GPS and
GLONASS. While also highly accurate predicted arloian be downloaded, this is not true for clockexdions due to
limitations of modeling of the satellite onboaraaks. Tracking data from neighboring stations olisgrthe same
satellites as the rover receiver allow the elimoratof the satellite clocks. High precision pogiiieg results can be
obtained in real-time using this baseline approach.

With onboard clocks that are stable enough to ledipred at the 10 ps level over a broadcast upddge(i.e., a few
hours), clock prediction can compete with orbitdicdon short term precision. Corresponding broatiéaformation
would allow users to position with centimeter aemyr using phase observations without requiring taaddil
information from reference stations. Examples outaanultitude of possible applications are remataessers of a
Tsunami warning system or autonomous docking masrswf low Earth orbiting spacecraft. We may havieave the
concept of baselines (differencing of observatiohstations to eliminate clock parameters) but ttank of point
positions. It is required, however, that the br@stiénformation refers to a well defined referefreene. For long-term
prediction the limiting factor may be the orbit gigtion and no longer the clock prediction as todayamples for
applications of multi-day predictions are the digpbf positioning results immediately after stagtihe receiver (e.g.



after leaving the car several days in the garagepdoor navigation, where decoding of navigatm@ssage is critical.
In both cases previously stored orbit and clockrimiation has to be used.

Apart from prediction also modeling is possible hwigtable clocks. For ultra-stable clocks only véew clock
parameters may have to be estimated per clock @nday, e.g., a clock offset or a clock and a feemy offset instead
of epoch-wise clock offset parameter estimatiore @ramatically reduced number of parameters stalilihe solution.
On the other hand error effects, e.g., from imperfie@posphere delay modeling may no longer beralesbin the large
number of clock parameters. Improved models foeolzdion error sources as well as for orbit pedtidns have thus
to be developed. In addition, modeling relativistiock corrections has to be refined. Apart frorghier realtime
positioning accuracy for users and increased syatgonomy more applications of ultra-stable clocks be envisaged
such as real-time distribution of TAI through naatign satellites.

OPTICAL FREQUENCY COMB ENVIRONMENTAL TESTS

In future probably optical clocks will be implemedtin satellites and used for navigation. To trandfe optical clock
resonance frequency down to the rf regime, an alptiequency com is used. Several different lasehriologies for
generation of an optical frequency comb, for exargilid-state or fiber based lasers, are nowadagsmercially
available or in use in scientific institutes. Foe witilization of optical frequency combs in spapplications like space
borne optical atomic clocks or interferometersefitbased systems are promising candidates. Adwesitae for
example compact, robust, lightweight, small voluame alignment uncritical setup as well as powdcieffit operation.
Therefore two fiber based mode-locked lasers haentested in an ESA funded GSTP study [2]. Thievdhg
chapter present test results of the Erbium dopediertmcked laser.

Description of Mode-Locked Lasers

The Erbium doped laser uses polarization rotatimade-locking principle and produces pulses afpatition rate of
100 MHz with a pulse length of 100 fs. It couldetitly be used as optical frequency comb generatoe she laser
system includes control and monitoring mechanidmas tan be used for repetition rate and carrieelepe offset
stabilization in a complete optical frequency corBluring our work however, only the mode-locked faséthout

additional components for frequency comb generaimhwithout stabilization loops was used.

Thermal Vacuum Test

In order to determine the temporal behavior of itede-locked laser in vacuum environment, it hasnbmeunted
inside a vacuum chamber as shown in Fig. 1. Theayeles in a temperature range from 10°C to 45°GeHaeen
performed, which simulate typical satellite envimant.

Calculation of the fiber lengthsye using the nominal repetition ratée,o and the free beam range
Siro = 0.140 m = 0.001 m at a temperaturdf 293 K results in:
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The dependency of the repetition ritg on temperature variation is caused by two superseg effects: Firstly the
length changes of optical fibers and aluminum haogighat holds all free beam optics change the egsoriength.
Secondly the temperature dependent refractive imddke fiber also results in a change of repetitiate when the
temperature changes. The combination of both effesults in an equation which reads in its lirestiapproximation
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Figure 1. Overview of the thermal-vacuum test agunfation. The OFCG is placed inside a thermal shrehich can
be heated by electrical resistors and cooled ggen. Electrical and optical feed through allowateol and monitor
of the OFCG behavior.
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The nonlinear equation was approximated arolyw 293 K Refractive indices and thermal expansioefficients are
denoted as anda respectivelyc stands for the speed of light. The termiT®(contains the residual of the Taylor
expansion and was estimated to be smaller thamit® Fig. 2 shows the measured and the calcul&jeetition rate
as a function of temperature.
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Figure 2. Repetition rate change of the Erbium ddpeer due to temperature variation.

Another temperature dependent effect that was ifieshtduring thermal cycling of the OFCG is shownFkig. 3. A
continuous wave peak which is temperature depeneexs observed. The mode-locking based on nonlinear
polarization rotation uses free beam optics (waatesl and polarizers) in order to build up an aitfi saturable
absorber. Saturable absorption is based on caaegabf all waveplates such that high intensityhiigasses and low
intensity light is blocked by the configuration whveplates. Since the suitable configuration of epdate positions is
determined by randomly rotating all waveplatess timode-locking technique is non-deterministic. Tibers of the
resonator are not polarization maintaining and taehnique is therefore rather sensitive to tentpegavariations.
Similar effects are also described by Paschotfd]in
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Figure 3. Output spectrum of the Erbium doped |I&sdependent on temperature.

Some of the found mode-lock states only show aresilat output spectrum at a specific temperatlsless
configuration of fibers and free space optics clean@.g. due to vibration load), the output spectstays constant.

Radiation Test

Rare-earth doped fibers are well known to be ragkesitive to radiation; several studies have dirdaen performed
on various kinds of gain fibers e.g. [5], [6]. Taract effects behind transmission degradation edeHibers and the
optimum doping configuration for achieving minimizeadiation sensitivity are not known. Each fibasho be tested
individually in order to determine the respectiengitivity. By only irradiating one single part thfe laser under test
(the gain fiber in our case) and not the entiredaystem, the degradation of the output signalbeaascribed to the
part under test. After testing one part of the ladee irradiated component has been exchangedngwaone and the
initial performance has been checked by measurement

Fig. 4 sketches the setup used for radiation @stirihe rare-earth doped fiber of the Erbium bdasdr.
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Figure 4. Radiation test setup for the Erbium dopede-locked laser.

Fig. 5 shows the results of the Erbium fiber tee output power decreases due to radiation indwgsatal
attenuation. After an accumulated dose of approtéina30 krad, the laser looses its mode-lockedestnd
immediately starts searching for a new one. Tlsslts in fluctuations of the output intensity. Amenode-locked state



was not found. The optical output spectrum, dispdbgt the right hand side of Fig. 5, shows stromgfinuous wave
peaks even at a total dose lower than 30 krad.
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Figure 5. Radiation test results of the irradiatidthe Erbium fiber. Left: The output power of tlaser decreases until
the laser looses its mode-locked state after apjgigkt hours. Then it starts a random search isthgor Right: The
optical output spectrum becomes narrower with gisotal irradiated dose.

Due to radiation, the lasing efficiency of the gamaterial decreases. Therefore the optical outpettsum becomes
narrower when the accumulated dose increases.

Additionally to the discussed test, where the ddier was irradiated during laser operation, hydmdoaded fibers
have been tested. These specially treated fibgra/igve tested passively, meaning just transmistésts have been
made. The test results show that the radiationdedattenuation of this kind of fiber is less ti@ak %/krad for a total
dose of 80 krad. Building an OFC on the basis afrbgen loaded fibers could therefore result in diatton hard

system.

SIMULATION OF GNSS OPERATOR SCENARIOSASAPPLI CATION OF ULTRA-STABLE CLOCKS

Ultra-stable clocks will have a number of applioas for the user in particular for real-time preaisvigation. But also
the system operator would profit from ultra-stabllecks in the space and in the ground segment. Mapef clocks

stabilizes the orbits determined in the ODTS precés a consequence the system may be operatedewién ground
sensor stations. The longer clock prediction irdkmay reduce the communication needs for synchation.

In order to investigate the potential for orbit impement a simulation emulating an ODTS proceduas performed.
The simulation involves two globally deployed tramk station networks, one consisting of 15 statiadghe other of
only 6 stations (Fig. 6) and a GPS-like constailatf 32 satellites with orbits from IGS insertexlteue. Pseudorange
and phase observations were simulated on two fredge for each station with a measurement nois20afm and
2 mm respectively on two frequencies and includieglistic deterministic and stochastic troposphem®rs. No
ionosphere errors were simulated since the ionaspinee linear combination of the two carriers warelyzed to
estimate orbit parameters, station specific pararsgtind phase ambiguity parameters. The qualitiefietermined
orbits is quantified by analyzing the long-termragtrack prediction error.

Different types of clocks with typical behavior wesimulated based on specified Allan deviationspeig Rubidium
Atomic Frequency Standards (RAFS), Passive Hydrddasers (PHM) for space clocks and Active Hydrolytasers
(AHM) for ground clocks as well as optical clock&hwspecifications similar as for the Einstein Gta\Explorer [8]
for space clocks and optical clocks with even begterformance for ground station clocks. Fig. 7vehidhe Allan
deviations considered to simulate the clock timeseThe simulated clocks were introduced intodineulation of the
observations while the clocks were fixed to nomweues in the analysis of the simulated data. Thisesponds to a
modeling of the clock as a constant value for diveeday. The four simulated scenarios are sumradiiz Table 1.



4 15 ground station network

100 ‘

6 ground station network

60

401

20

latitude ¢ in [°]
=]
T

A0+

B0

=80

|
1900 150

-100

50 100

longitude Lin[7]
Figure 6. Two globally deployed tracking statiotvmarks that were used for simulations.

Table 1: Simulated GNSS operator scenarios

150 200

Satellite clocks Ground stat. clocks Network
Scenario 1 — GPS 32 RAFS 15 RAFS 15astati
Scenario 2 — Galileo 32 PHM 15 AHM 1Sistas
Scenario 3 — Optical 32 Opt. space 15 @ound 15 stations
Scenario 4 — Sparse Optical 32 Opt. space 6 Opt. ground 6 stations
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Figure 7. Allan deviations for RAFS, PHM, AHM, opdil space clock, optical ground clock (sequencerder of

increasing stability).

Figure 8 summarizes the resulting alongtrack gm@tliction errors for the considered satellitesafoime interval of 10
days. Table 2 lists the root mean squares (RMS$hehlongtrack orbit prediction errors of all shtie$ after 10 days.
With modeled clocks the prediction error decreasegxpected for improving stability of the clocksdlved in the



ground and space segment. If clock correctiongstimated as epoch-wise parameters in the ODT S g@uoe the orbit
prediction does not depend on the clock stabiffiybidium clocks are not stable enough to improeeditbit prediction
compared to epoch-wise estimation of clock parareeteor hydrogen masers and optical clocks, orother hand, an
improvement by modeling the clocks can be achiew@dbit errors with optical clocks involved are dowmied by
systematic modeling and stochastic measurementser®nce typical prediction errors of hydrogen emasover 10
days are of the order of 10 m (30ns), positionimgrs after 10 days are of the order of 100 m. ietiech errors of
optical clocks are of the order of 1 cm within 18y, positioning errors after a 10 days prediciiarval are thus fully
governed by orbit errors and are of the order ofOA large improvement is achieved for a very sparacking
network with modeled ultra-stable clocks. While efpavise clock estimation leads to orbit predictemnors after 10
days exceeding 1 km for a 6-station network, thlegjation error is below 200 m for modeled clocks.
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Figure 8. Alongtrack orbit prediction error in metever 10 days based on modeled RAFS clocks €&y modeled
hydrogen masers (top right), modeled optical cloattom left), epoch-wise estimated clocks (bottoght). All
figures to same scale.

Table 2: RMS of alongtrack orbit prediction errofsall satellites after 10 days for scenarios witbdeled clocks and
with epoch-wise estimated clock corrections.

Scenario Clocks modeled Clocks estimated epoch-wise
1: GPS, 15 stations 780 m 110 m

2: Galileo, 15 stations 80m 110 m

3: Optical, 15 stations 40 m 110 m

4: Sparse optical, 6 stations 170 m 1200 m




Conclusions

Environmental tests of the Erbium doped mode-lodieer laser are a first step towards the develognoé a space
borne optical frequency comb system. In order &nidly a suitable mode-locked state, the outputspen of the

femtosecond laser has to be evaluated. Thermalwadasts reveal that the output spectrum strongpedds on the
temperature of the laser head. Even if the tempexaif the laser is kept constant by a temperatongrol system, the
laser output does not necessarily show the despedtrum. This is due to the mode-locking technigiaon-linear

polarization rotation which is non-deterministicuiihg gamma radiation testing a strong continuoasespeak was
observed after a total dose of less than 2 krad;hwindicates that the laser changes its comb g¢ingrproperties. In
order to achieve optical frequency comb generdtospace applications, these issues have to ivénelied.

While estimated GNSS orbits are independent ompénormance of used clocks, if the clocks are syomiaed epoch-
wise, clock modeling improves the orbit and orbidiction if stable clocks such as H-masers anétalptlocks are
involved. Results are degraded, on the other hdnithe system is operated with clocks that do nitdva linear
modeling over one day such as Rubidium clocks.ghitant gain is achieved through clock modelirigtable clocks
for a very sparse tracking network, a result thay toe of interest for the design of the groundesystor future satellite
navigation systems.
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