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AbstratThe Coupled Dark State Magnetometer (CDSM) is a new type of salar magnetome-ter based on two-photon spetrosopy of free alkali atoms. A quantum interferenee�et alled Coherent Population Trapping (CPT) leads to narrow optial resonanefeatures, that enable a preise determination of the magneti �eld dependent Zeemanenergy level shifts. Systemati errors whih usually degrade the auray of singleCPT magnetometers are anelled or at least minimized by the use of several CPTresonanes in parallel.It was the main objetive of this thesis to identify and design the ontrol loops whihare required to enable an aurate and reliable magneti �eld measurement based onthe CDSM priniple. All identi�ed ontrol loops should be implemented in a ontrolunit with redued mass and power onsumption in order to enable measurementsoutside of the laboratory environment, e.g. absolute measurements at a geomagnetiobservatory. Furthermore, the unit should be entirely implementable with spaegrade omponents and ompliant with the resoure and interfae requirements of theEletro-Magneti Satellite (EMS) mission. The Chinese low Earth orbit EMS missionis the �rst �ight opportunity of the CDSM aboard a spaeraft.In total �ve ontrol loops were identi�ed to enable a reliable operation. A proto-type was developed as an Engineering Model (EM) for the EMS mission in whihall eletroni omponents are available with a spae quali�ed grade. The sensitivityof 40 to 80 pT at 1 s integration time does not depend on the seletable instrumentbandwidth. The dynami range spans from demonstrated 25 nT up to extrapolated1mT with idential performane. The instrument has a mass of 774 g and the mea-sured power onsumption for the EMS power interfae is 5267mW in air and 3498mWin vauum. For an optimized power interfae the alulated power onsumption is2515mW in air and 1427mW in vauum.This development is equivalent to a raise of the Tehnology Readiness Level (TRL)of the CDSM instrument for the EMS mission from 1 (basi priniples observed andreported) to 5 (omponent and/or breadboard validation in relevant environment).



KurzfassungDas Coupled Dark State Magnetometer (CDSM) ist ein neuartiges Skalarmagnetome-ter, das auf dem Prinzip der Zweiphotonen-Spektroskopie von freien Alkaliatomenbasiert. Der verwendete quantenmehanishe Coherent Population Trapping (CPT)E�ekt führt zu sehr shmalen optishen Linienbreiten und ermögliht eine präziseBestimmung des Magnetfelds anhand der Zeeman-Vershiebung von Energieniveaus.Systematishe Fehler, wie sie bei Magnetometern basiered auf der Auswertung einzel-ner CPT Resonanzen auftreten, werden beim CDSM durh die gleihzeitige Verwen-dung mehrerer optisher Resonanzen aufgehoben oder zumindest minimiert.Diese Arbeit beshreibt die Identi�zierung aller systemrelevanten Parameter sowieden Entwurf von Regelmehnismen, die eine zuverlässige Magnetfeldmessung durhdas CDSM ermöglihen. Alle notwendigen Funktionsblöke sollen in einer gewihts-und leistungsverbrauhsoptimierten Kontrolleinheit implementiert werden, um Ver-gleihsmessungen auÿerhalb des Labors, z.B. in einem geomagnetishen Observa-torium, zu ermöglihen. Das entworfene Gerät soll vollständig mit weltraumqua-li�zierten Bauteilen implementierbar sein und den Vorgaben der Eletro-MagnetiSatellite (EMS) Mission entsprehen. EMS ist ein hinesisher Satellit in niedrigerErdumlaufbahn (low Earth orbit) an Bord dessen die Weltraumtauglihkeit des CDSMerstmals demonstriert werden soll.Insgesamt wurden fünf Regelkreise identi�ziert und realisiert. Der implementiertePrototyp entspriht den Vorgaben der EMS-Mission und kann vollständig mit welt-raumquali�zierten Bauteilen aufgebaut werden. Die gemessene Emp�ndlihkeit be-trägt 40 bis 80 pT bei einer Integrationszeit von 1 s und ist unabhängig von derBandbreite. Der dynamishe Messbereih erstrekt sih von gemessenen 25 nT biserrehneten 1mT bei gleihbleibender Messqualität. Das Gewiht und der Leis-tungsverbrauh des für die EMS-Mission entwikelten Instruments betragen 774 g,sowie 5267mW in Luft und 3498mW in Vakuum. Für eine e�ziente Spannungsver-sorgung wurden 2515mW in Luft und 1427mW in Vakuum errehnet.Die in dieser Arbeit beshriebene Entwiklung entspriht einer Anhebung des Reife-grads der Tehnologie (tehnology readiness level) für die EMS Mission von Stufe 1(Beobahtung und Beshreibung des Funktionsprinzips) auf 5 (Versuhsaufbau inEinsatzumgebung).
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1 IntrodutionMost magnetometers used for sienti� spae missions in the last 20 years have beenbased on the �uxgate priniple [1℄ [2℄ [3℄. The main reasons for this are the extensiveheritage and reliability over several deades and the low power and mass requirements.Fluxgates produe a three-omponent vetor output proportional to the magnitudeand diretion of the magneti �eld with an absolute error whih is dominated by inher-ent unertainties, in partiular the sensor o�sets. In several sienti� spae missions,full siene return an only be ahieved by an additional salar magnetometer whihmeasures the magnitude of the magneti �eld with a low absolute error (< 1 nT) [1℄.In the last few deades, salar magnetometers used in sienti� spae appliationshave been based either on the Overhauser e�et [1℄ [2℄ [3℄ (e.g. onboard Ørsted [4℄ [5℄and CHAMP) or the optially pumped helium tehnique [1℄ [2℄ [3℄ (e.g. onboardCassini [6℄ and under development for Swarm [7℄).Both types require a omplex sensor design in order to guarantee isotropi, �deadzone free� measurements. This is ahieved, for example, by a double ell unit in whih
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Figure 1.1: Cross setion of CDSM sensor and pitures of implemented omponents.



1 Introdution 2Table 1.1: Main orbit parameters of the EMS satellite [18℄.Orbit type Sun synhronous, irular and polar orbitAltitude/km 500Inlination/◦ 98Loal time of desending node 14 p.m.Revisiting yle/d 5one ell ompensates the dead zone of the other, or a piezo-eletri motor whih is usedto hange the polarization of the exiting light �eld aording to the magneti �elddiretion. Moreover, arti�ial magneti �elds or radio frequeny signals are neededfor the exitation of the medium used in the sensor ell.The Coupled Dark State Magnetometer (CDSM) is a salar magnetometer whih isbased on two-photon spetrosopy of free alkali atoms [8℄. As for other types of opti-ally pumped magnetometers the magneti �eld measurement is based on the Zeemane�et. In the presene of an external magneti �eld the degeneray of hyper�ne stru-ture energy levels is lifted and results in a splitting of the levels as a funtion of themagneti �eld strength. Additionally, a quantum interferene e�et alled CoherentPopulation Trapping (CPT) [9℄ [10℄ [11℄ [12℄ leads to narrow resonane features andthus enables a preise determination of the magneti �eld dependent Zeeman energylevel shifts [13℄ [14℄ [15℄.Thus far CPT is the only known e�et used in optial magnetometry whih in-herently enables omni-diretional measurements [13℄ [16℄. This leads to a simple all-optial sensor design without double ell units, exitation oils or eletro-mehanialparts. The CDSM sensor unit shown in Figure 1.1 onsists of two �bre ouplers (a),a polarizer (b), a quarter-wave plate (), a rubidium-�lled glass ell (d) mountedbetween meander-shaped damping elements (e) and the sensor housing made ofPolyether Ether Ketone (PEEK) (f).Furthermore, the CDSM uses a ombination of several CPT resonanes whih ide-ally redues the dependene on the sensor temperature to zero [8℄ [17℄ and leads to ahigh dynami range from 25 nT up to 1mT with idential performane [14℄ [15℄.The CDSM measurement priniple was disovered by Roland Lammegger, a seniorsientist at the Institute of Experimental Physis (IEP), Graz University of Tehnol-ogy in 2007 [8℄. In the same year a ooperation with the Spae Researh Institute(IWF), Austrian Aademy of Sienes was started in order to evaluate the measure-ment priniple for spae appliations and to develop the �rst prototype.At the time of writing this thesis, the CDSM has been seleted for a �rst �ight



1 Introdution 3Table 1.2: CDSM interfae and performane requirements for theEMS missiona.Power interfae ±12V, 5V (unregulated)Dynami range and resolution 103 - 105 nT, 12 pTSensitivity 100 pT at 1 s integration timeData rates 30Hz and 1HzOperating temperature rangesEletronis box -15 to 50◦CSensor unit -70 to 80◦CExpeted total ionizing dose < 10 krad(Si)aExtrated from Tehnial Plan doument set up by the NSSC andthe IWF, not published.aboard the Eletro-Magneti Satellite (EMS) mission. Furthermore, it is under on-sideration for the JUpiter ICy Moon Explorer (JUICE) mission of the European SpaeAgeny (ESA) to visit the Jovian system, foused on the study of the Jupiter's moonsGanymede, Callisto, and Europa [19℄. The EMS mission is sheduled for launh in2016 and will be the �rst Chinese platform for the investigation of natural eletro-magneti phenomena with a major emphasis on earthquake monitoring from spae ina polar Low Earth Orbit (LEO) [18℄. The main orbit parameters of the EMS satelliteare listed in Table 1.1. In order to ful�l the sienti� objetives, the EMS measuresvarious physial parameters inluding eletri �eld, magneti �eld, ionospheri plasmaand high energy partile disturbanes.The magnetometer instrument should over a frequeny range from DC to 60Hz.It is developed in a ooperation between the National Spae Siene Center (NSSC)of the Chinese Aademy of Sienes, the IWF and the IEP. The NSSC is responsiblefor the dual sensor �uxgate magnetometer, the instrument proessor and the powersupply unit, while IWF and IEP joinly develop the CDSM. An absolute magnetometeris important for full siene return, sine the satellite is �ying in low Earth orbit.The required auray of 0.2 nT an only be ahieved with a ombined measurementof both the relative vetor and the absolute salar �eld due to the high terrestrialbakground �eld. The interfae and performane requirements of CDSM for the EMSmission are summarized in Table 1.2. The mission also serves as an opportunity todemonstrate the CDSM measurement priniple and the developed instrument designin spae for the �rst time.



1 Introdution 4The objetives of the work overed by this thesis are
• to identify all ontrol loops required to enable an aurate and reliable magneti�eld measurement based on the CDSM priniple,
• to design and implement all identi�ed ontrol loops in a single unit with reduedmass and power onsumption in order to enable measurements outside the labo-ratory environment, e.g. absolute measurements at a geomagneti observatory,
• to design the ontrol unit for an implementation with spae grade omponents,
• to design the ontrol unit ompliant with the interfae and performane require-ments for the EMS mission (see Table 1.2).The development of the ontrol unit as above is equivalent to raising the Teh-nology Readiness Level (TRL)1 from 1 (basi priniples observed and reported) to 5(omponent and/or breadboard validation in relevant environment).The ontent of this thesis an be summarized as follows: Chapter 1 gives an intro-dution of high auray magnetometers whih have already been used for sienti�spae missions and lists the possible advantages of the CDSM in omparison. Italso introdues the requirements for the Eletro-Magneti Satellite mission whih isthe �rst �ight opportunity of the CDSM aboard a spaeraft. In Chapter 2, theCDSM measurement priniple is presented, the harateristis of the magneti �elddependent CPT resonane features are disussed and the method used to ompen-sate possible systemati errors is outlined. In Chapter 3, two important detetiontehniques are introdued whih are essential for the instrument design: FrequenyModulation Spetrosopy (FMS) is a method apable of sensitive and rapid measure-ment of weak spetral features and Diret Digital Synthesis (DDS) is a tehniqueto generate periodi signals and ontrol preisely the output frequeny and phase.Chapter 4 disusses the instrument design. In total �ve ontrol loops are identi�ed asneessary for a reliable and aurate operation of the CDSM. A physial justi�ationand an overview of the ontrol loop design is given for eah ontrol loop. Furthermore,all funtion bloks whih are part of the ontrol unit are disussed in detail. Chap-ter 5 presents the resoure requirements whih were measured at the implementedprototype for the EMS mission and alulated for a power interfae optimized im-plementation. Performane metris suh as auray, harateristis of the power1Tehnology Readiness Level (TRL) is a measure used to assess the maturity of evolving teh-nologies during its development and in some ases during early operations. ESA lassi�ation.Retrieved from http://en.wikipedia.org/wiki/Tehnology_readiness_level on May 29, 2013.



1 Introdution 5spetral density of detetion noise, temperature dependene and dynami range aregiven. Chapter 6 summarizes the work aomplished and the results ahieved withinthis thesis and gives an outlook on upoming development and evaluation steps.



2 Measurement PrinipleThis hapter gives an overview of the CDSM measurement priniple, disusses theresulting magneti �eld dependent resonane features and the method used to om-pensate possible systemati errors.In 1992, Sully and Fleishhauer showed theoretially that CPT resonanes ouldbe applied as a sensitive magnetometer devie [20℄ [21℄. The �rst experimental re-alization of a single CPT dark state magnetometer was reported in 1998 [13℄. Eventhough a variety of potential appliations on ground and in spae are given for amagnetometer based on the CPT e�et [22℄ [13℄ [12℄ [23℄ [24℄ [25℄, there are still non-trivial problems of systemati measurement errors whih signi�antly degrade theperformane of a single Dark State Magnetometer (DSM).In the presene of magneti �elds several CPT resonanes in the form of a spetrumarise [12℄ [16℄. Ideally, the frequeny di�erene of eah omponent of this spetrum isdetermined by the Breit-Rabi formula [26℄ [23℄ [27℄ here expressed as a Taylor seriesexpansion [15℄
νB =

µB

(2I + 1)h
[n(gJ − gI) + 8∆mgI ]B + [...]B2 (2.1)where µB refers to the Bohr magneton, I to the nulear spin, h to the Plank
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Figure 2.1: D1 spetral line exitation sheme within the hyper�ne struture of 87Rb.



2 Measurement Priniple 7onstant, n to the sum of the total magneti quantum numbers mF1
and mF2

, gJand gI to the Landé g-fators, ∆m to the di�erene of mF1
and mF2

and B to themagneti �ux density.Figure 2.1 shows the D1 exitation sheme within the hyper�ne struture of 87Rb.The total angular momentum quantum numbers and the magneti quantum numbersof the 52S1/2 ground state are denoted by F and, orrespondingly, by mF while for the52P1/2 exited states the labels are primed. The vauum-wavelength λFS orrespondsto the �ne struture transition 52S1/2→52P1/2. The hyper�ne ground state splittingfrequeny is denoted by νHFS. Eah pair of arrows builds up a so alled Λ-systemwhih auses a magneti �eld dependent CPT resonane. The energy shift introduedby the magneti �eld is expressed by νB . Aording to the seletion rules of twophoton transition [16℄, one Λ-system with n=0 (not shown), four Λ-systems withn=±1 (blue, dashed, only two of them are shown), two with n=±2 (red, solid) andtwo with n=±3 (green, dotted) are possible.For high sensitivity magnetometry, an additional bu�er gas is required in therubidium-�lled glass ell [12℄ [14℄ (see Figure 1.1) whih introdues temperature andpressure dependent frequeny shifts [8℄ [17℄ of the hyper�ne ground state splittingfrequeny νHFS (see Figure 2.1). In the ase of a single CPT resonane this an-not be distinguished from magneti �eld hanges [8℄. Therefore, the temperature ofthe sensor ell must be preisely ontrolled to enable useful absolute magneti �eldmeasurements. As an example, for aesium and 8 kPa of the bu�er gas neon thetemperature must be ontrolled with a preision of 10mK in order to keep the sensortemperature dependent drift below 10 pT [23℄.Additionally, the AC Stark e�et [27℄ auses shifts of the relative position of theground states F=1 and F=2 whih are proportional to the applied light intensityand to the strength of the CPT transition [28℄. Therefore, the total frequeny of CPTresonane features in the presene of external magneti �elds is given by
νtotal = νB + νT + νP + νL + νHFS ′ (2.2)where νB depends on the magneti �eld, νT on the bu�er gas temperature, νP on thebu�er gas pressure, νL on the light shift and νHFS ′ is the frequeny of the unperturbedeletri dipole forbidden transition 52S1/2, F=1, mF =0↔ 52S1/2, F=2, mF =0 [29℄[27℄.Systemati errors are also introdued by the limited long-term frequeny stability ofthe ommerial high performane mirowave osillators used to generate the oherentfrequeny omponents of the laser exitation �eld [22℄.



2 Measurement Priniple 8The CDSM priniple was disovered in 2007 [8℄. It simultaneously probes two ormore CPT resonanes whih are almost symmetri with respet to the eletri dipoleforbidden transition 52S1/2, F=1, mF =0↔ 52S1/2, F=2, mF =0 (see Figure 2.1).The ruial idea is to separate the mirowave frequeny νHFS used to bridge theground state hyper�ne splitting and the frequeny νB (up to several MHz) needed toouple and detet the Zeeman-shifted CPT resonanes. Consequently, the systematifrequeny shifts introdued by the mirowave osillator, the light shift or the shift dueto bu�er gas pressure and temperature are virtually the same for deteted single CPTspetral features with respet to the ground states F=1,mF =0 and F=2,mF =0 [8℄.These systemati errors anel due to the superposition of CPT resonanes, sine inthe CDSM approah only the frequeny di�erene of the resonanes is measured.In this way, the measurement of the magneti �eld is redued to a frequeny mea-surement whih an be onverted to a magneti �ux density B by applying the Breit-Rabi formula disussed in Equation 2.1, where only fundamental natural onstantsare ontained.Aording to [16℄, derived under the assumption of negligible in�uene of optialpumping, the relative strength of the CPT resonanes follows
Srel ∝ cos2θ for n = 0,±2 (2.3)
Srel ∝ sin2θ for n = ±1,±3 (2.4)where Srel is the relative strength of the CPT resonane and θ is the angle betweenthe diretion of the laser �eld propagation and the magneti �eld. Therefore, CPTresonanes with even-numbered indies n reah their maxima at magneti �eld dire-tions longitudinal with respet to the light �eld propagation diretion in the sensorand sale in their relative strength with os2(θ) while resonanes with odd-numberedindies have peaks at the transverse magneti �eld diretion and sale with sin2(θ).This was demonstrated for CPT resonane superpositions with 87Rb atoms in [30℄.In Figure 2.2, the Zeeman frequeny sweeps extrated from [30℄ show the absorption(red, dashed) and dispersion (blue, solid) signals of three CPT resonane superposi-tions (n=±1, ±2, ±3) obtained by frequeny modulation spetrosopy methods (seeSetion 3.1) at di�erent angles of the magneti �eld with respet to the light �eld prop-agation diretion in the sensor (0◦ to 90◦). The applied �eld is approximately 6500 nTwhile the Zeeman-shifting fators [15℄ [23℄ of the magneti �eld dependent resonanesare approximately 7, 14 and 21Hz/nT, respetively. Here, the optial pumping ofthe CPT resonanes is not entirely negligible and auses a deviation in the preditedresonane amplitudes ompared with the model developed in [16℄. However, for ev-ery angle at least one of the three CPT resonane superpositions n=±1, ±2, ±3
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Figure 2.2: Dependene of the CPT resonane superpositions on the angle θ [30℄.is always detetable and, by a proper seletion, omni-diretional measurements arepossible without the need of a omplex sensor design, for example additional movingparts or exitation oils at the sensor [30℄.The Zeeman-shifting fators listed in Table 2.1 are determined by alulation. The



2 Measurement Priniple 10Table 2.1: Zeeman-shifting fators determined by alulation.CPT resonane superposition index n Zeeman-shifting fator(Hz/nT)
±1a 6.9958
±1b 7.0237
±2 14.0195
±3 21.0154thus far de�ned resonane superposition n=±1 is atually a simpli�ed model for theoverlay of four Λ-systems. However, the Zeeman-shifting fators are pairwise di�erentfor the Λ-systems whih is a onsequene of di�erent quantum numbers applied inthe Breit-Rabi formula in Equation 2.1. This results in two resonane superpositionsn=±1a and n=±1b whih overlap for small �elds (< 5000 nT whih orresponds toa frequeny separation of approximately 35000Hz) [31℄. A heading error is possiblesine the superposition of n=±1a and n=±1b an be asymmetri. For the Earth's�eld both superpositions are well separated and no heading error ours sine theinstrument is loked to one of both.In pratie, the resonane superposition n=±3 is preferred over n=±1a or n=±1b.This derive from the fat that there is no heading error for n=±3 even for small�elds. Additionally, the higher Zeeman-shifting fator leads to a lower magneti �eldstrength detetion noise.



3 Detetion TehniquesFrequeny Modulation (FM) spetrosopy is introdued in Setion 3.1 whih is atehnique for the detetion of the CPT resonane features. Setion 3.2 disusses thepriniple and the harateristis of Diret Digital Synthesis (DDS) whih is a methodto generate periodi signals and preisely ontrol the frequeny and phase. It is e.g.used to generate the signal with the magneti �eld dependent frequeny informationfB.3.1 Frequeny Modulation SpetrosopyIn 1983, Bjorklund, Levenson, Lenth and Ortiz introdued FM spetrosopy whih isa method apable of sensitive and rapid measurement of narrow and weak spetralfeatures [32℄, e.g. CPT resonanes [22℄. The basi setup is shown in Figure 3.1. Toenable FM spetrosopy, the laser arrier signal
E0(t) = E0cos(ω0t) (3.1)with the amplitude E0 and the angular frequeny ω0 is frequeny modulated witha sinusoidal signal with the frequeny ωref .Theoretially, the FM reates an in�nite set of disrete frequeny sidebands atfrequenies ω0 ± nωref (n = 1, 2, ...) symmetri to the arrier [33℄. For M ≈ 1, thefrequeny modulated signal E(t) an be written in a simpli�ed form as

Lock-in 

amplifier

Frequency

reference

Sensor glass cell filled with probe, e.g. Rb-atoms

Photodiode

and amplifier
Laser

ωref

ωref

E1(t) E2(t)

I(t)

In-phase

Quadrature-

phase

Figure 3.1: Blok diagram to enable frequeny modulation spetrosopy.
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E1(t) = E0J0 cos(ω0t)−

− E0J1(M) cos [(ω0 − ωref)t] + E0J1(M) cos [(ω0 + ωref )t]
(3.2)where M = ∆ω

ωref
is alled the modulation index. The frequeny deviation ∆ω isde�ned as maximum deviation of the instantaneous frequeny to the arrier frequenyand depends on the amplitude of the modulation signal. Aording to Equation 3.2,the amplitudes of the arrier and the n-th order sidebands are given by n-th orderBessel funtions Jn(M) [33℄. For M ≈ 1, most energy is ontained in the arrier andthe �rst order sidebands. Therefore, the simpli�ed form of Equation 3.2 is appliable.In onsequene, the eletri �eld E1 of the FM laser �eld an be written as

E1(t) = E0

[

J−1e
i(ω0−ωref )t + J0e

iω0t + J+1e
i(ω0+ωref )t

] (3.3)and is guided through the rubidium-�lled glass ell. The indies −1, 0, +1 orre-spond to the lower sideband, the arrier and the upper sideband, respetively.Based on Beer's law, the interation of the multi-hromati light �eld with rubidiumatoms in a glass ell an be desribed by a frequeny-dependent transfer funtion T(ω)for the E-�eld amplitude
T (ω) = e−δ(ω)−iφ(ω) (3.4)where the attenuation fator δ(ω) is related to the frequeny dependent absorptionoe�ient α(ω) by

δ(ω) =
α(ω)L

2
(3.5)with the ell length L. The phase shift φ(ω) is related to the refrative index n(ω)by

φ(ω) = n(ω)
Lω

c
(3.6)where  refers to the speed of light [32℄. Thus, the transmitted beam after theinteration in the ell is given by

E2(t) = E0

[

T−1J−1e
i(ω0−ωref )t + T0J0e

iω0t + T+1J+1e
i(ω0+ωref )t

]

. (3.7)



3 Detetion Tehniques 13The eletri �eld E2 is deteted e.g. by a photodiode whih is sensitive to theintensity of the light �eld beam1 with
I =

c|E2|2
8π

. (3.8)For small arguments of M the Bessel funtions an be approximated by Jn ≈
1

2nn!M
n and beause of the symmetry property J−n(M) = (−1)nJn(M) it an beassumed that J0 ≈ 1 and J±1 ≈ ±M

2 . Under the assumption of weak attenua-tion/absorption (|δ0 − δ+1| and |δ0 − δ−1| ≪ 1) and small phase hanges (|φ0 − φ+1|and |φ0 − φ−1| ≪ 1) the reeived intensity of the light �eld results in
I =

cE2
0

8π
e−2δ0 [1 + (δ−1 − δ+1)M cosωref t+ (φ+1 + φ−1 − 2φ0)M sinωref t] . (3.9)An ampli�er onverts the modulated photodiode urrent into an input voltage forthe lok-in ampli�er. The modulation signal with the frequeny ωref is additionallyprovided to the lok-in ampli�er as referene signal to enable a oherent demodulationof the voltage deteted by the photodiode and ampli�er. It is shifted in phase in orderto onsider di�erent propagation paths.In general, the in-phase signal, or osine omponent, of a dual-phase lok-in ampli-�er is the result of the demodulation of the input voltage with the unhanged referenesignal, while for the quadrature-phase signal, or sine omponent, the input is mixedwith a 90 ◦ phase-shifted version of the referene signal. Aording to Equation 3.9,the osine omponent an be interpreted as the di�erene between the absorption ofthe light in the medium (here the 87Rb-�lled glass ell) whih is experiened by both�rst order sidebands. The sine omponent is proportional to the di�erene of thephase shifts relative to the phase of the modulation signal ωref whih is experienedby the arrier to the average of the phase shifts of the two sidebands [32℄.The attenuation fator δ(ω) in Equation 3.5 and the refrative index n(ω) in Equa-tion 3.6 are a measure for the interation of multi-hromati light �eld with rubid-ium atoms in the glass ell. In order to visualize φ(ω) and n(ω), the in-phase andquadrature-phase outputs of the lok-in ampli�er are reorded for a sweep of thearrier frequeny ω0 of the FM over the resonane feature (see Figure 3.2 and Fig-ure 3.3). The interation unbalanes the sidebands of the light �eld. This results inan amplitude modulation of the transmitted laser light intensity I(t) at the modula-1The derivation presented here follows the treatment in [32℄ where gs-units are used for the ele-tromagneti quantities ~E and ~B of the light �eld.
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Figure 3.4: Signal �ow of the diret digital synthesizer.3.2 Diret Digital SynthesisIn 1971, Tierney, Rader and Gold introdued the DDS tehnique for using digitaldata proessing bloks to generate frequeny- and phase-tuneable periodi outputsignals referened to a �xed-frequeny preision lok [34℄.The main harateristis are improved phase noise ompared to the analogue os-illator solutions as well as instant and phase-ontinuous swithing and arbitrarily2small tuning resolution of the output frequeny. No manual analogue system tuningis required and, in priniple, aging is limited to a single omponent, the refereneosillator [35℄.The implementation of a DDS an be divided into two main parts as shown inFigure 3.4. The disrete-time phase aumulator generates the phase informationwhile the phase-to-amplitude onverter, for instane a Look-Up Table (LUT), outputsthe desired signal word whih is onverted by a Digital-to-Analogue Converter (DAC)into a sinusoidal signal. The arhiteture relies on integer arithmeti. The width ofthe aumulator is Nbit and, therefore, the maximum phase 2π is represented by theinteger number 2N . With every lok sample, the phase inreases by the tuning wordM. It takes T0 samples to reah the maximum phase and, hene, a full period. Theorresponding frequeny is given by
f0 =

fs
2N

M (3.10)2The resolution depends on the width N of the phase aumulator alulated in Equation 3.12.



3 Detetion Tehniques 17where fs is the sampling frequeny of the aumulator. Derived from Equation 3.10the minimum possible output frequeny f0min, whih is equivalent to the smallesttuning step in frequeny ∆f, that the DDS an ahieve:
f0min = ∆f =

fs
2N

. (3.11)With Equation 3.10 one an also determine the number of bits N of the phaseaumulator in order to ahieve a desired frequeny resolution
N =

⌊

log2
fs
∆f

+ 0.5
⌋

. (3.12)Theoretially, the maximum frequeny of a DDS is given by the Nyquist-Shannonuniform sampling theorem
f0max =

fs
2
. (3.13)From a pratial point of view a lower f0max is often preferred, for instane f0max =0.4 [35℄ or 0.25 [36℄ of fs. The lower f0max is, the easier the implementation of thelow pass �lter is. The �lter is required to suppress the e�ets of the image responsesin the output spetrum.Periodi phase errors are introdued by trunating the Nbit phase information ofthe aumulator to a Pbit phase word for the phase-to-amplitude onverter. Thereason for the quantization is to keep the memory demands of the LUT reasonable.The trunation results in amplitude errors during the phase-to-amplitude onversionproess and produes unwanted spetral omponents, also alled spurs, in the DDSoutput signals [35℄. A simpli�ed formula to estimate the maximum level of spursSmax assuming a arrier level of 0 dB is given by

Smax = −SFDR = −6.02P + 3.92 dB (3.14)where SFDR is the Spurious Free Dynami Range in deibels. A detailed disussionon the exat formulas inluding the frequenies and the SFDR of spurs an be foundin [37℄, [38℄ and [39℄.The SFDR an be improved by sine wave ompression based on symmetry or onwaveform approximation. For example, instead of storing the entire sine waveformf(φ)= sin(φ) for 0≤ φ ≤ 2π , one an store the same funtion for 0≤ φ ≤ π/2 anduse symmetry to get the omplete 2π waveform range. This approah only uses 2P−2entries in the LUT, leading to a ompression ratio of 8:1 [36℄. The full sine wave anbe reonstruted at the expense of some hardware [40℄, [41℄ and [42℄.



3 Detetion Tehniques 18For a full-sale sine wave output signal, the Signal-to-Noise Ratio (SNR) of a DACdue to quantization errors an be approximated by
SNR = 6.02Q+ 1.76 dB (3.15)where Q refers to the bit resolution of the DAC. It also limits the performane of theDDS, as the output spetrum will exhibit the same noise �oor. From Equations 3.14and 3.15, the limit

P = Q+ 1 (3.16)an be derived in order to ensure that unwanted signals are aused by the amplitudequantization and not by the phase trunation.Additional spurs arise due to the imperfetness of the DAC. The non-linearity ofa DAC leads to harmoni distortions. The result is harmonially related spurs inthe output spetrum. The amplitude of the spurs is not readily preditable as it isa funtion of the DAC linearity. However, the loation of suh spurs is preditable,sine they are harmonially related to the output frequeny f0 of the DDS [35℄. Fur-thermore, swithing transients arise within the internal physial arhiteture of theDAC and an ause ringing on rising and/or falling edges of the DAC output wave-form. Non-symmetrial swithing harateristis suh as unequal rise and fall timeswill also ontribute to harmoni distortion. The amount of distortion is determinedby the e�etive AC or dynami transfer funtion [35℄.In general, the wideband spurious performane of a DDS system depends on thequality of both the DAC and the arhiteture of the phase trunation of the DDSore. Narrowband spurious performane depends mostly on the purity of the DDSsystem lok generated by an external referene osillator [35℄.The spetral harateristis of the referene lok diretly impat those of the out-put. Timing jitter is aused by oupling noise and thermal noise whih is the ulti-mately limiting fator for reduing timing jitter. Coupled noise an be in the formof loally oupled noise aused by rosstalk or ground loops. Sinusoidal jitter in thereferene lok auses modulation sidebands to appear in the spetrum. The spetralline is unhanged. Random jitter results in an inrease of the noise �oor level andause broadening of the fundamental whih is known as phase noise [35℄. Due to theDDS priniple, the output phase noise is redued by 20 log(R), expressed in deibels,where R is the ratio of the input to the output frequeny [43℄.



4 Control Unit Design and EvaluationThe CDSM prototype is equivalent to the Engineering Model (EM) design for theChinese sienti� low Earth orbit EMS mission (see Chapter 1 and Table 1.2). Theblok diagram and a piture of the instrument are shown in Figure 4.1 and Figure 4.2.It onsists of the mixed signal eletronis board (a) with mirowave and ontrolsubunits, the laser unit (b) mounted on the side of the instrument box, the sensor unit(), the inbound and outbound �bres (d) and two twisted pair ables (e) for the sensor
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Figure 4.2: Piture of CDSM prototype equivalent to the EM for the EMS mission.temperature measurement and the optional sensor heating in ase of environmentaltemperatures below 15◦C. A ross setion of the sensor unit with pitures of theimplemented omponents is shown in Figure 1.1.The prototype is jointly developed by the IWF, Austrian Aademy of Sienes andthe IEP, Graz University of Tehnology. The IWF is responsible for the ontrol unitwhih is part of the mixed signal board and the overall projet management. Theliability of the IEP overs the mirowave unit of the mixed signal board, the laserunit, the sensor unit with heating oils and the sensor harness.The design inludes �ve ontrol loops whih are developed to trak the magneti�eld dependent Zeeman resonanes (Setion 4.1), to stabilize the laser frequeny tothe �ne struture transition frequeny 52S1/2 → 52P1/2 (Setion 4.2), to trak thehyper�ne struture transition 52S1/2, F=1, mF =0↔ 52S1/2, F=2, mF =0 with themirowave generator (Setion 4.3) and to adjust the temperature of the rubidiumatoms in the sensor ell (Setion 4.4).



4 Control Unit Design and Evaluation 214.1 Control Loop to Trak Zeeman ResonanesThe Zeeman ontrol loop is established in order to trak the magneti �eld dependentCPT resonane superpositions n=±1, ±2 or ±3 by the variable DDS generatedfrequeny fB whih is a diret measure of the magneti �ux density B. In Setion 4.1.1,a general overview on the ontrol loop design is given. Setion 4.1.2 to Setion 4.1.7disuss seleted funtional bloks in detail.4.1.1 OverviewThe oupled dark state magnetometer exites two or more magneti �eld dependentCPT resonanes in parallel to determine the surrounding magneti �eld [8℄. To ful�lthe riteria of CPT resonane exitation [12℄ [22℄ [11℄ and for simpliity, this is es-tablished by a double modulated light �eld [15℄. A third modulation is required toenable the detetion with frequeny modulation spetrosopy tehniques [8℄ [32℄.The Vertial-Cavity Surfae-Emitting Laser (VCSEL) diode (vauum-wavelength
λV CSEL = λFS = 794.979 nm) is frequeny modulated by a mirowave signal (fMW =
1
2 νHFS = 3.417GHz). Both �rst-order sidebands of this FM spetrum �t the hyper-�ne struture energy levels F=1,mF =0 and F=2,mF =0 of the 52S1/2 ground stateof the rubidium D1 line in Figure 2.1. Aording to the Zeeman e�et [31℄, the energylevels with the magneti quantum numbers mF =−2, −1, +1, +2 are dependent onthe magneti �eld. In Figure 2.1 this is indiated by the shifted blak lines while greylines mean zero magneti �eld. In order to establish permanent CPT resonanes inpresene of a magneti �eld, the mirowave frequeny fMW is used as arrier for aPhase Modulation (PM) whose sidebands �t and exite the magneti �eld dependentenergy levels.The modulation frequeny fB of this PM is limited to 2.1MHz by the urrent de-sign whih orresponds to a detetable magneti �ux density B of approx. 300µTfor n=±1, 150µT for n=±2 and 100µT for n=±3 via the orresponding Zeeman-shifting fators of approx. 7, 14 and 21Hz/nT (see Table 2.1). It is generated inthe Field Programmable Gate Array (FPGA)1 using the DDS tehnique (see Se-1The radiation-tolerant Atel RT ProASIC RT3PE3000L target devie is mounted in a hermetially-sealed erami pakage but is export restrited. The ommerial Atel ProASIC A3PE3000L hasthe same silion design and the same 0.13 µm proess at United Miroeletronis Corporation(UMC) as its radiation-tolerant equivalent. The ProASIC3 devies have been extensively testedfor a variety of radiation e�ets and are expeted to �t the low radiation environment in the EMSmission. Information retrieved from http://www.atel.om/produts/milaero/rtpa3/default.aspxon May 29, 2013.



4 Control Unit Design and Evaluation 22tion 4.1.2). The frequeny omponent fB is arrier for an additional third modulationof the light �eld with the modulation frequeny fref1 whih enables FM spetrosopy.The digital FM output of the DDS is transformed to the analogue domain with aparallel DAC and is fed as modulation signal to the mirowave generator in order toestablish the PM. The implementation of the DAC is disussed in Setion 4.1.3.In the bias-T (see Figure 4.1) the modulated mirowave signal is superposed withthe signal of the urrent soure whih for now is assumed to be onstant. The outputis fed to the VCSEL diode as injetion urrent in whih the DC-AC superpositionis transformed to the �rst FM via the displaement oe�ient of the diode (seeSetion 4.2).The result is an overall triple modulated light �eld spetrum whose spetral om-ponents �t to the appropriate transitions as indiated by either the blue, red or greenarrows in Figure 2.1. In this way a permanent exitation of one of the magneti �elddependent CPT resonane superpositions n=±1, ±2 or ±3 is ahieved. The lightis guided through a gradient index �bre to the sensor unit where a polarizer and aquarter-wave plate assure a irular polarized exitation �eld.The CPT resonanes are ating as frequeny disriminator in the rubidium-�lledglass ell and onvert the DDS generated FM (fref1) of the multi-hromati light �eldspetrum into an amplitude modulation of the transmitted laser intensity [8℄ [12℄.Further disussion on the interation proess is arried out in Setion 3.1 and [32℄.The transmitted light �eld is guided to the photodiode via a multimode �bre.The photodiode onverts the amplitude modulated transmitted intensity I(t), thatarries the rubidium-interfered information of the exited CPT resonanes, to anequivalent photourrent. A pre-ampli�er onverts the AC omponent of the urrentinto a voltage signal, whih is fed to the digital lok-in ampli�er via an Analogue-to-Digital Converter (ADC). Options for the implementation of the required iruit aredisussed in Setion 4.1.4.The third modulation with fref1 in ombination with the lok-in ampli�er enablesthe appliation of FM spetrosopy tehniques apable of sensitive and rapid mea-surement of the narrow and weak spetral features [32℄. The priniple and the imple-mentation of the lok-in ampli�er are disussed in Setion 4.1.5. Sine the modulationfrequeny fref1 is larger than the linewidth of CPT resonanes (typially δf < 2 kHz),the spetral feature is probed by a single sideband (see Figure 3.2 and [32℄). Witha modulation index M≈ 1, the in-phase output of the lok-in ampli�er an be inter-preted as absorption signal and the quadrature-phase output as dispersion signal ofthe CPT resonanes exited in the rubidium atoms.Due to the narrow spetral linewidth, whih is a onsequene of the strit physial
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Figure 4.3: Demonstration of the CPT resonane superposition swithing.onstrains of the CPT mehanism, the slope at zero rossing of the quadrature-phasesignal is steep (see Figure 2.2). The point of zero rossing orresponds to the exatexitation of the magneti �eld dependent hyper�ne energy levels by the double mod-ulated light �eld. The only variable parameter of the light �eld is the frequeny fBof the DDS signal while the laser arrier wavelength λLaser and the mirowave fre-queny fMW are for now assumed to be onstant. The zero rossing in ombinationwith the Zeeman ontroller in the FPGA (see Figure 4.1) is used to trak hanges ofthe magneti �eld indued Zeeman energy levels by adapting the DDS frequeny fB(see Figure 4.20). The system identi�ation and the ontroller design are disussedin Setion 4.1.6. The atuating variable of this ontroller orresponds to fB of theDDS signal and is, therefore, in diret relation to the magneti �eld desribed by anappropriate form of the Breit-Rabi formula depited in Equation 2.1.The ontroller operates permanently at frequeny values whih are related to theresonane superposition n=±2 via the Zeeman-shifting fator of approximately 14Hz/nT.In ase of hanging the magneti �eld detetion from n=±2 to the resonane super-



4 Control Unit Design and Evaluation 24positions n=±1 or n=±3, the ontrol loop does not need to be unloked in orderto searh and follow the related zero rossings. The ontroller just sales the atu-ating variable fB by the fators 0.5 for n=±1 or 1.5 for n=±3 whih orrespondswith su�ient auray to the Zeeman-shifting fators of approximately 7Hz/nT and21Hz/nT, respetively (see Table 2.1). The approah of resaling the output fre-queny fB in ase of a resonane hange enables a quasi-ontinuous operation of theZeeman ontrol loop in all diretions of the magneti �eld and is the basis for thetehnial realization of a ontinuously working omni-diretional magnetometer. Ademonstration of this approah is shown in Figure 4.3. In this measurement [30℄,a magneti �eld (sinusoidal, 300 nTpp, 0.1Hz and additional DC bakground �eld,6520 nT) with the angle of θ = 45◦ in relation to propagation diretion of the laserlight �eld was applied. Hene, all three CPT resonane superpositions are observable(see Figure 2.2). The swithing between the superposed CPT resonanes n=± 1 andn=± 2 was manually triggered every 4 seonds. The measured Zeeman frequenyvalues (green urves) have been orreted by the orresponding Zeeman-shifting fa-tors of approximately 7 and 14Hz/nT, respetively, in order to get the magneti �eldvalues (blue urves). Even in the lower detailed plot, no orrelation an be observedbetween the swithing proess and the magneti �eld data.In sienti� spae missions an absolute salar magnetometer is always operatedin ombination with vetor magnetometers. These measurements an be used toalulate the angle between the magneti �eld and the optial axis of the sensor as wellas the magnitude of the magneti �eld by applying e.g. COordinate Rotation DIgitalComputer (CORDIC) algorithms [44℄ as disussed in Setion 4.1.7. The instrumentontroller an use this information to determine the suitable resonane superpositionand to rapidly �nd the CPT resonanes at start-up.Both funtions an also be ahieved without an additional vetor magnetometer.The resonanes an be found in a sanning mode but this approah takes more time.For the independent swithing between the CPT resonane superpositions during anongoing measurement, the superposed sidebands of the resonanes are traked. Thezero rossings in the dispersion signal of the sidebands arry the same information ofthe magneti �eld as the atual CPT resonanes. The orresponding frequeny val-ues are solely shifted from the atual Zeeman frequeny by the modulation frequenyused for the frequeny modulation spetrosopy (fref1). The advantage of using thesidebands an be seen for instane at the CPT resonane superposition n=± 3 for90◦ in Figure 2.2. The sidebands have peaks in the absorption signal when the disper-sion signal is zero. In ontrast, the absorption signals at the atual CPT resonanesuperposition zero rossings are zero as well. The amplitude of the absorption peaks
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Figure 4.4: DDS blok diagram to generate a frequeny modulated signal.of the sidebands are a measure for the angle θ and an be used in order to automat-ially swith between the superposed CPT resonanes lines using a threshold-basedalgorithm [30℄.4.1.2 Synthesis of the Zeeman Frequeny fBThe signal with the magneti �eld dependent frequeny fB is generated in the FPGAusing the DDS tehnique. Figure 4.4 shows a blok diagram of the DDS implemen-tation.The frequeny fB is related to the magneti �ux density B via Breit-Rabi equation(see Equation 2.1) and the derived Zeeman-shifting fators of approximately 7, 14 and21Hz/nT orrespond to the resonane superpositions n=±1, ±2 and±3, respetively.Aording to Table 1.2, the instrument should be able to measure magneti �uxdensities up to 100µT in all diretions of the magneti �eld. To ful�l the requirementand to enable further investigation of the measurement priniple, this is realized forall three CPT resonane superpositions. For the superposition n=±3, a magneti�ux density of 100µT is equivalent to a frequeny fB of approx. 2.1MHz. With thereommendations for the maximum DDS output frequeny disussed in Setion 3.2,a sampling frequeny fs of 10MHz has been seleted.For the EMS mission, as stated in Table 1.2, the resolution of the magneti �uxdensity measurement ∆fB should be 12 pT in all diretions of the magneti �eld. Inorder to enable further investigation, the resolution is set to 0.1 pT and is realizedfor all three CPT resonane superpositions. For n=±1, a resolution of 0.1 pT is



4 Control Unit Design and Evaluation 26equivalent to a frequeny resolution of 0.7mHz. Derived from Equation 3.12, a widthof the phase aumulator and tuning word of N=34 bit is required.The phase-to-amplitude onversion is realized by a LUT. For a DAC resolutionof 12 bit (see Setion 4.1.3) and aording to Equation 3.16, a LUT with the size of213 x 12 bit would be required in order to ensure that unwanted signals in the analogueoutput signal are dominated by the amplitude quantization of the DAC and not bythe phase trunation of the DDS. With sine wave ompression based on symmetryas disussed in Setion 3.2 only values of the funtion f(φ) = sin(φ) for 0 ≤ φ ≤ π/2need to be implemented in the FPGA. This redues the size of the LUT by a fator8 to 211 x 11 bit.Without a further modulation signal the onstant tuning word for fB at the inputof the adder in Figure 4.4 would lead to a sinusoidal DDS output signal with onstantfrequeny. However, a modulation signal with the frequeny fref1 is added and intro-dues an additional FM. The sinusoidal modulation signal is generated in the lok-inampli�er unit (see Setion 4.1.5) and enables FM spetrosopy. It is normalized andan be saled by D shifts to �t the required deviation frequeny for a modulationindex M≈ 1.4.1.3 R-2R Digital-to-Analogue ConverterThe FM digital DDS output signal is updated with the sampling frequeny fs=10MHz. A DAC implementation with serial interfae would require a several timeshigher interfae lok and, onsequently, FPGA lok frequeny fFPGA. For a singlelok solution, the omplexity of ombinatorial logi whih is proessable within onelok yle would be redued signi�antly. Additionally, a higher lok rate wouldlead to an inrease of the power onsumption of the FPGA. In ontrast, a DAC basedon a parallel interfae and onversion tehnique an be updated and operated at theDDS sampling frequeny fs = fFPGA.At the time of instrument design ould not be found a spae-quali�ed parallel DACwhih met the requirements for a sampling frequeny up to of 10MHz, a moderatepower onsumption below 100mW and no export restrition. Consequently, the par-allel DAC was implemented as disrete R-2R network whih is driven diretly byFPGA outputs.Figure 4.5 shows the typial voltage output struture of an FPGA and its equiv-alent iruit. Depending on the interfae type, one or more e.g. Metal-Oxide-Semiondutor Field-E�et Transistor (MOSFET) totem poles are routed in parallelin order to limit the struture's in�uene on the output voltage level. In general,
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Figure 4.6: Shemati of R-2R DAC network with Q=12 and inverting ampli�er.p-hannel and n-hannel MOSFETs have di�erent on-state resistanes whih, for aonstant output urrent, result in unequal output voltage drops for the high and lowstate in relation to VI/O and ground, respetively. Consequently, the Rhigh and Rlowresistanes are di�erent in the equivalent iruit in Figure 4.5.For the implementation, all FPGA output drivers are part of the same interfaebank and are supplied with a ommon voltage. The Complementary Metal-Oxide-Semiondutor (CMOS) 3.3V interfae type has been seleted due to its well mathingmeasured output resistanes (Rhigh= 8.62Ω± 0.07Ω and Rlow=8.23Ω± 0.05Ω) andthe advantage of a single interfae voltage for the entire FPGA.A Q-bit R-2R DAC utilizes a network of R and 2R resistors in order to onvertthe quasi-digital FPGA output voltage signals into an analogue urrent with the
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R'Figure 4.7: Shemati of R-2R DAC FPGA output ompensation.theoretial resolution of 2Q. The implementation for a resolution of Q=12 bit isshown in Figure 4.6. For the steady state, the signal-to-interferene ratio is stronglyrelated to the di�erential linearity of the DAC and, onsequently, to the resistormathing. In priniple, resistors with a tolerane better than 1/2Q ensure that thequantization noise dominates spurs aused by non-linearities. E.g. for a 12 bit DAC anoverall resistor tolerane better than 0.024% is required. This is feasible for disreteresistors with spae grade2.In Figure 4.7, the resistor R' is realized by two 2R resistors in parallel and an addi-tional Radjust in series. The parallel implementation inreases the number of requiredparts, but also enables the use of a single resistor value of a ommon prodution lotfor all dominating omponents of the R-2R network. This approah an redue tem-perature and long-term drifts in the passive network to a high extent. Additionally,Radjust is dimensioned with approximately 4.21Ω in order to ompensate the meanvalue of FPGA output resistors Rhigh and Rlow.Nevertheless, the steady state performane is not the limiting fator for this appli-ation whose main purpose is to generate a sinusoidal signal with aurate frequeny.The non-ideal harateristis of the board layout and omponents an derease thesignal-to-interferene ratio signi�antly. Parasiti apaitors and indutanes, e.g. ofthe onnetions on the Printed Ciruit Board (PCB), in ombination with the R and2R resistors lead to a lowpass harateristi of the network. The swithing of quasi-digital FPGA outputs leads to ringing in the analogue output signal. The energy ofthese transients an be observed as additional harmonis in the frequeny domain.Figure 4.8 shows the dynami performane of the DAC implementation. The signal-to-interferene ratio was measured with two spetrum analyzers3 for various outputfrequenies and digital output resolutions. Ultimately, the DAC performane is lim-ited to 73.3 dB at 210Hz and redues to 14.8 dB at 2.1MHz. The programmed digitaloutput resolutions (Qp) of 10 to 12 bit result in idential performanes and lead tooverlayed urves in Figure 4.8. The measurements with Qp = 9bit are slightly better2E.g. the Vishay PHR ESCC 4001/023 quali�ed high preision thin �lm hip resistors have a lasertrimmed tolerane down to ±0.01%.3Measured with Hewlett-Pakard/Agilent spetrum analyzers 3562A and 8562A.
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Figure 4.8: Signal-to-interferene ratio as a funtion of frequeny and digital resolution.than with 10 to 12 bit. This ould origin from a oinidentally better mathing of theinvolved resistors. The performanes for Qp=8bit to Qp=1bit derease with ap-prox. 8.5 dB per bit. Figure 4.8 also shows that a resolution (Q) of the R-2R networkimplementation greater than 5 would not improve the signal-to-interferene ratio inthe Earth �eld (e.g. 50000 nT orresponds to approx. fB = 1.05MHz for n=±3).However, Q=12 bit is implemented whih enables a more detailed investigation ofthe measurement priniple in low �elds.The ampli�er iruit in Figure 4.6 onverts and sales the output urrent of the R-2R network to a voltage. The apaitor C1 in ombination with the feedbak resistorR1 forms a lowpass �lter with the orner frequeny f−3 dB =2.1MHz whih is requiredto suppress the e�ets of image responses in the output spetrum of the DAC. Theresulting FM signal with the magneti �eld dependent arrier frequeny fB is fed tothe phase modulation input of the phase-lok loop iruit in the mirowave generator.4.1.4 Photodiode, Pre-ampli�er and Analogue-to-Digital ConverterThe photodiode onverts the light power of the inoming amplitude modulated light�eld into a proportional urrent. Figure 4.9 shows the equivalent iruit of a photo-diode where IP refers to the photourrent, RJ to the shunt resistane of the diodejuntion and CJ to the juntion apaitane. The bandwidth of the onversion ismainly limited due to the parasiti apaitane CJ of the diode and the seleted
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CJRJlPlthermallshotFigure 4.9: Equivalent iruit of a photodiode.iruit design.In this appliation only the DC intensity and those spetral features whih areintrodued for frequeny modulation spetrosopy must be deteted. The amplitudevariations an be seen as envelope of the overall light �eld intensity whih arries theinformation of the interation of the laser �eld with the rubidium atoms in the sensorell.Two dominating soures of noise an be identi�ed in a photodiode. Shot noise isrelated to the statistial �utuation aused by the photourrent and the dark-urrent.The photourrent origins in the random reation of eletron hole pairs by the photon�ux while the dark-urrent is aused by a random reombination of eletrons andholes in the semiondutor. The magnitude of the shot noise an be expressed by

Ishot =
√

2q(IP + ID)∆f (4.1)where q=1.6 · 10−19 C is the eletron harge, IP is the photo-generated urrent, IDis the dark-urrent and ∆f is the onsidered noise bandwidth. The shunt resistor RJin a photodetetor auses Johnson noise due to the thermal generation of arriers.The magnitude of this noise is
Ithermal =

√

4kBT∆f

RJ
(4.2)where kB =1.38 · 10−23 J/K is the Boltzmann onstant, T the absolute temperaturein Kelvin, ∆f is the noise measurement bandwidth and RJ is the shunt resistane ofthe photodiode. The total noise urrent in a photodetetor is given by

Itotal =
√

I2shot + I2thermal . (4.3)In spetrosopy, silion photodiodes are operated in the photoondutive mode andonneted to a transimpedane ampli�er in order to optimize the signal-to-noise ratio(see Figure 4.10). For experiments with low light intensity, the input urrent noisedensity of the ampli�er and, onsequently, the Johnson noise, limits the SNR of thedetetion iruit. The output signal voltage is proportional to the transimpedane
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VADC IN Figure 4.10: Shematis of a single stage transimpedane ampli�er iruit.resistane for frequenies f≪ f−3dB while the noise urrent of the photodetetor isampli�ed by its square root. Consequently, the value of the transimpedane resistoris maximized within limits of the output range of the operational ampli�er in orderto improve the signal-to-noise ratio.In pratie, the onnetion pins and printed wires between the photodiode and theoperational ampli�er span a indution loop. Eletro-Magneti Interferenes (EMI)an ouple and reate an interferene voltage. The low resistane of the loop wouldresult in high urrent interferene whih would appear as voltage interferenes atthe iruit output. The additional resistor R1 in Figure 4.10 redues these interfer-enes signi�antly. R1 has no in�uene on the photourrent sine Rj ≥ 1GΩ≫R1.The photodetetor in Figure 4.10 an be seen as ideal urrent soure for frequeniesf< f−3dB .The parasiti juntion apaitane CJ of the photodiode forms a highpass �lter inombination with R2 (see Figure 4.9 and Figure 4.10). The apaitor C1 in ombi-nation with the transimpedane resistor limits the measurement and the noise band-width of the iruit and, additionally, damps the typial inrease of noise density ofthe overall iruit due to this highpass �lter (see Figure 4.13).Amplitude variations are aused by the magneti �eld dependent information ofthe CPT resonanes and optial noise disturbanes. Both are small ompared to thedeteted onstant bakground light �eld (e.g. 100 nW rms amplitude of the modulatedtransmitted laser power in relation to 200µW bakground power). Consequently, thephotourrent is a superposition of a DC and an AC with the same ratio.For a single stage transimpedane ampli�er on�guration as displayed in Fig-ure 4.10, the value of the feedbak resistor R2 is limited by the DC bakground
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Figure 4.11: Shematis of a two-stage photodiode ampli�ation iruit.�eld and the ADC input range. With a maxium intensity of 200µW, a photodiodesensitivity S of 0.58A/W4 and an ADC input range of 5V, the transimpedane islimited to approx. 43 kΩ. With the resulting ampli�ation fator, the AC omponentof 100 nW would lead to an output voltage of approx. 2.5mVrms or 7.1mVpp. Inase of a 12 bit ADC, the maximum digital resolution of the amplitude variations islimited to less than 3 bit.In order to improve the SNR of the digitized AC omponent and to avoid high quan-tization noise resulting from a 3 bit resolution, the photodiode ampli�ation iruit issplit into two subunits (see Figure 4.11).The transimpedane of the �rst stage was redimensioned to 100 kΩ whih leads toa maximum DC output voltage of 11.6V. Additionally, a seond stage ampli�er formsan ative bandpass �lter. Consequently, the DC omponent and higher frequeniesare anelled while AC omponents whih enable the FM spetrosopy an pass.In this appliation, the photodetetor shot noise aused by the onstant optialbakground �eld dominates the noise performane of the overall iruit and limitsthe SNR of the AC omponent detetion. This shot noise is an inherent physialproess assoiated with the irradiated light power and thus not avoidable. An overallnoise of 15.6mVrms was derived by simulation at the output of the seond stageampli�er over the Nyquist frequeny of 156.25 kHz of the ADC. The quantization4The sensitivity value refers to the Hamamatsu S3883 Positive Intrinsi Negative (PIN) photodiodewhih is eletrially similar to the target photodiode Miropa 61082-101.
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VADC IN Figure 4.12: Shematis of a transimpedane ampli�er with feedbak [45℄.noise of the ADC an be approximated by [33℄
NADC =

q√
12

(4.4)where q is the voltage step of the Least Signi�ant Bit (LSB). A 12 bit ADC with5V full-sale range results in q = 1.22mV and NADC = 0.35mVrms for frequenies upto the Nyquist frequeny of 156.25 kHz. With the seleted seond stage ampli�ationfator of 100, the overall noise Itotal of the photodiode iruit dominates the overallnoise of the quantized signal5. A further inrease of the ampli�ation fator wouldnot improve the signal-to-noise ratio.Investigations in [46℄ showed that the ratio of the DC and AC omponents is almostonstant for a wide range of overall intensities reeived at the photodiode. Conse-quently, a redution of the overall light intensity would not improve the signal-to-noiseratio of the CPT resonanes. There is also a bene�t of this fundamental limitation.The requirements on the transimpedane operational ampli�er in terms of the unitygain bandwidth are moderate and a less power onsuming operational ampli�er willnot degrade the signal-to-noise ratio.5A margin takes additional AC interferenes into aount.
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Figure 4.13: Noise performane of iruit designs whih ontain two ampli�ers.For omparison, an alternative single stage solution derived from [45℄ and as shownin Figure 4.12 was evaluated with simulation. Here, the transimpedane resistane isnot limited by the DC omponent beause an ative lowpass �lter feeds it bak to theinverting ampli�er input and ompensates it. In steady state the output is solely anAC signal whih an be shifted to half of the ADC full-sale voltage in order to �t theADC input range. Theoretially, the signal-to-noise ratio is higher ompared to thetwo-stage solution of Figure 4.11. This assumption roots in the unequal ampli�ationfator for the signal path and the noise path as disussed above. Nevertheless, thiswould require a transimpedane resistane of 10MΩ whih is hallenging in termsof prourement with spae grade. Adverse parasiti apaitors form additional polesand thus redue the bandwidth of the overall iruit.Figure 4.13 shows the noise analysis of both iruit designs with two operationalampli�ers in di�erent on�gurations. The blak and red lines are derived from sim-ulations of the single stage feedbak on�guration in Figure 4.12 and the two stageimplementation shown in Figure 4.11, respetively. For all three simulated inputlight intensities 0µW (dotted), 20µW (dashed), 200µW (solid), the two-stage on-�guration shows better results whih an be explained by additional noise whih is



4 Control Unit Design and Evaluation 35introdued by the feedbak ampli�er. The green and blue lines were measured at theseleted and realized two-stage iruit for 0µW. The green line displays the analogueinput of the ADC measured with a spetrum analyser6, while the blue is the quantizedversion read by the FPGA. In the range of interest of 1 to 15 kHz, no interferenesare visible. The measured noise level is lower than the one derived from the worstase simulation for 0µW (blue, dotted). The resonane at approximately 49 kHz isaused by the parasiti apaitane CJ of the photodiode.4.1.5 Lok-in Ampli�erA lok-in ampli�er uses a phase sensitive detetion tehnique in order to single out thespetral omponent of the input signal at a spei� referene frequeny and phase [47℄.As disussed in Setion 3.1, the rubidium atoms in the glass ell are exited byfMW ± fB and additionally probed by frequeny fref1 whih is realized by the FM of theZeeman frequeny fB (see Setion 4.1.2). The lok-in ampli�er detets the responseof the exited atoms whih is ontained in periodi variations of the transmitted light(I(t) in Figure 3.1) at the frequeny fref1 .Figure 4.14 shows the blok diagram of the dual-phase lok-in ampli�er with dia-grams of the time response of di�erent stages to visualize the time delay and phaseshift. Additionally, diagrams with a qualitative representation of the frequeny re-sponses with noise �oors and disrete spetral omponents are shown.The frequeny referene unit uses the DDS tehnique as disussed in Setion 3.2 inorder to generate a sinusoidal signal
Vref = B · cos(ωref t+ φref ) (4.5)with the frequeny fref = ωref/(2π) and the amplitude −1 ≤ B ≤ 1−2−R where Ris the digital width, e.g. 12 bit. An equal amount of input samples in every quadrantof the referene period simpli�es the testing of the funtional blok. With 32 lokyles for eah analogue-to-digital onversion, the possible output frequenies arelimited to

fref =
fFPGA

128Nref
with Nref ∈ Z ≥ 1 (4.6)where fFPGA is the lok of the FPGA. The additional redution of Nref to primenumbers improves the independene of multiple frequeny modulation spetrosopy6Measured with Hewlett-Pakard/Agilent spetrum analyzer 3562A.
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+

z-1Figure 4.15: Blok diagram of the highpass �lter implementation.saturates the �xed point arithmetis of the subsequent funtion units whih wouldlead to a degradation of the performane or even to a malfuntion of the overallsystem. Consequently, the input signal of the lok-in ampli�er is highpass �ltered.The transfer funtion of the implemented �rst-order In�nite Impulse Response (IIR)�lter [33℄ is given by
THP (z) =

yHP (z)

xHP (z)
=

αHP (z − 1)

z − αHP
with αHP =

τHP fs
τHP fs + 1

(4.7)where τHP refers to the time onstant τHP = 1/(2πfHP ), fHP to the ut-o� fre-queny and fs to the sampling frequeny of the implementation. The blok diagramin Figure 4.15 shows that in total, one adder, one subtrator, one register array andone multiplier are required to enable the highpass harateristi. The multiplier is re-alized by an additional subtrator and a shifter in order to redue required resoures.This limits the parameter αHP to 1 - 2KHP with KHP ∈ Z < 0.The parameter KHP an be ommanded in operation from −16 (blue) to −8 (green)whih leads to orner frequenies between approx. 0.8Hz and 195Hz (see Figure 4.16).In the multiplier, the remaining AC input signal (S = 12 bit)
Vin = A · cos(ωint+ φin) (4.8)is mixed with referene signal Vref (R = 12 bit). This proess an be interpreted asphase sensitive detetion. The output onsists of two AC signals, one at the frequenydi�erene ωin - ωref and the other at the frequeny sum ωin + ωref , whih an bewritten as

VX = Vin · Vref ∝
AB

2
cos((ωin − ωref)t− (φin − φref ))−

− AB

2
cos((ωin + ωref)t− (φin + φref )) .

(4.9)
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Figure 4.16: Bode diagram of the highpass �lter for di�erent KHP .If ωin = ωref = ω, the expression an be redued to
VX = Vin · Vref ∝ AB

2
cos(φin − φref )−

AB

2
cos((2ωref )t− (φin + φref )) . (4.10)The amplitudes of the resulting omponents at DC and 2ωref are proportional tothe amplitudes of the input signal Vin and the referene signal Vref and their phasedi�erene φ=φin −φref .If φref =φin, the output signal reahes its maximum. Consequently, if the phasedi�erene φ=φref −φin=±90◦, there is no output at all. This phase dependenean be eliminated by adding a seond phase sensitive detetor, whose frequeny ref-erene is phase-shifted by 90◦. Analogue to Equations 4.9 and 4.10 the output of theadditional detetor an be expressed by
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VY = Vin · Vref ∝

AB

2
sin((ωin − ωref)t− (φin − φref ))−

− AB

2
sin((ωin + ωref)t− (φin + φref ))

(4.11)and
VY = Vin · Vref ∝ AB

2
sin(φin − φref )−

AB

2
sin((2ωref )t− (φin + φref )) . (4.12)Consequently, a dual-phase lok-in ampli�er provides two signals. The VX or in-phase omponent is proportional to the osine of φ, while the output VY sales withthe sine of φ and represents the quadrature-phase omponent.A subsequent 2 fref �lter anels spetral omponents at f=M2fref · 2 fref withM2fref ∈Z≥ 2. It is implemented as Finite Impulse Response (FIR)7 moving average�lter with N2fref stages whih is de�ned by

N2fref
= 2Nref . (4.13)The transfer funtion of the �lter an be expressed by

T2fref
(z) =

y2fref
(z)

x2fref
(z)

=
z−1 + z−2 + ...+ z

−N2fref

N2fref

(4.14)The parameter N2fref
an be ommanded in operation from 4 (green) to 32768(blue) whih leads to �rst noth frequenies between 78125Hz and approx. 10Hz(see Figure 4.17). For the Zeeman ontrol loop N2fref

is 22. This leads to an im-plementation with 22 registers and a �rst frequeny noth at approx. f = 2 fref =14205Hz.In a typial lok-in ampli�er appliation, the output is �ltered by an additionaldigital lowpass [47℄. The phase sensitive detetor in ombination with this �lterdetets only signals whose frequenies are very lose to the referene frequeny fref .Noise frequenies far from the referene are attenuated by the lowpass �lter. Theattenuation depends on the lowpass �lter bandwidth and roll-o�. A narrow bandwidthremoves noise soures very lose to the referene frequeny while a wider bandwidthallows these signals to pass. Only signals at the referene frequeny result in a DCoutput.7An implementation based on FIR is a simple way to realize adjustable moving average �lters [33℄.
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 = 32768Figure 4.17: Bode diagram of the moving average �lter for di�erent N2fref .For the CDSM, the lok-in ampli�er is used in this typial implementation in orderto obtain in-phase and quadrature-phase output signals for sweeps of e.g. the Zeemanfrequeny over the CPT resonane features. The transfer funtion of the implemented�rst-order IIR lowpass �lter [33℄ is given by
TLP (z) =

yLP (z)

xLP (z)
=

αLP · z
z − 1 + αLP

with αLP =
1

τLP fs + 1
(4.15)where τLP refers to the time onstant τLP = 1/(2πfLP ), fLP to the ut-o� fre-queny and fs to the sampling frequeny of the implementation. The blok diagramin Figure 4.18 shows that overall two adders, one register array and one multiplierare required. Similar to the highpass �lter, the multiplier is realized by a shifter inorder to redue the required resoures. This limits the parameter αLP to 2KLP withKLP ∈ Z < 0.Similar to the highpass implementation, the parameter KLP an be ommanded inoperation from −19 (blue) to −8 (green) whih leads to orner frequenies betweenapproximately 0.1Hz and 195Hz (see Figure 4.19).
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Figure 4.18: Blok diagram of the lowpass �lter implementation.
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 = −19Figure 4.19: Bode diagram of the lowpass �lter for di�erent KLP .For the losed loop, the ontroller disussed in Setion 4.1.6 ats as lowpass �l-ter and no additional lowpass �lter as disussed above is required. Therefore, theoutput of the 2 fref �lter is diretly provided to the ontroller funtional blok (seeFigure 4.14).
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Figure 4.20: Blok diagram of the Zeeman ontrol loop.4.1.6 ControllerFigure 4.20 shows the blok diagram of the ontrol loop struture, ontrol theoryrelevant parameters and their physial equivalents. Changes of the external magneti�eld are deteted by the exited rubidium atoms inside the glass ell and an beinterpreted as a disturbane signal of the losed ontrol loop. The set point is �xed tozero in order to trak the zero passage of the quadrature-phase of the lok-in ampli�erand, onsequently, the dispersion signal of the CPT resonane (see Figure 3.2). TheZeeman DDS output frequeny fB is the atuating variable and is a diret measureof the magneti �ux density via the Breit-Rabi formula (see Equation 2.1).For a standard lok-in ampli�er implementation, the transfer funtion of the ontrolpath Ps(z) an be written as
Ps(z) =

ys(z)

u′s(z)
= P2fref

(z) · PLP (z) (4.16)where ys(z) refers to the feedbak signal, u′s(z) to the disturbed atuating variable,P2fref
to the transfer funtion of the 2fref �lter and PLP to the transfer funtion ofthe lowpass �lter of the lok-in ampli�er (see Setion 4.1.5). For most appliations,

τLP ≫ τ2fref
is valid and τLP is the dominating time onstant of the ontrol path.In this ase, the transfer funtion an be simpli�ed to

Ps(z) =
ys(z)

u′s(z)
= PLP (z) . (4.17)Sine the target time onstant of the losed ontrol loop τT ≈ τLP , τLP would needto be ompensated by the ontroller in order to enable a �rst-order frequeny responseof the overall ontrol loop. Otherwise, the lowpass �lter PLP and the integrator of
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Figure 4.21: Blok diagram of the Zeeman ontroller.the ontroller CI would form a seond-order frequeny response and would push theloop dynamis towards the limit of the stability region [33℄.For the redued lok-in ampli�er implementation as disussed in Setion 4.1.5, thetransfer funtion of the ontrol path an be written as
Pr(z) =

yr(z)

u′r(z)
= T2fref

(z) (4.18)where τ2fref
is the time onstant of the 2fref �lter. Sine τT ≈ τLP ≪ τ2fref

, theontrol path an be simpli�ed to
Gr(z) =

yr(z)

u′r(z)
= 1 for τT ≫ τ2fref

. (4.19)For a losed loop and τT ≪ τ2fref
, the bandwidth of the frequeny modulationspetrosopy and, onsequently, the noise bandwidth of the measurement, whih ina typial appliation is de�ned by the lowpass �lter of the lok-in ampli�er, an besimply determined by the transfer funtion of the ontroller.A �rst-order harateristi similar to the lowpass �lter of the standard lok-inampli�er implementation in Setion 4.1.5 an be realized by an integrator CI(z),

CI(z) =
ur(z)

er(z)
= KI ·

z + 1

z − 1
with KI =

1

2fsτI
(4.20)where fs is the sampling frequeny and τI is the time onstant of the integratorand, onsequently, of the losed ontrol loop.The blok diagram in Figure 4.21 shows that overall two adder, two register arraysand one multiplier are required for the integrator. The multipliation is realized bya shifter in order to redue required resoures. This limits the fator KI to 2NI withNI ∈ Z. The parameter NI an be ommanded in operation from −24 (blue) to −10(green) whih leads to orner frequenies between approximately 6mHz and 97Hz(see Figure 4.22). The �nal ontroller C(z) is given by
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Figure 4.22: Bode diagram of the losed Zeeman ontrol loop.
C(z) =

ur(z)

er(z)
= KP · CI(z) . (4.21)where the additional fator KP ompensates the slope of the quadrature-phasesignal omponent of the CPT resonane at the zero rossing and sets the loop gainto one.4.1.7 Proessing of Vetor Magnetometer DataIn sienti� spae missions, �uxgate magnetometers provide the xf -, yf - and zf -omponents of the magneti �ux density whih are orthogonalized and shown inbraes in Figure 4.23. In a spherial oordinate system with idential referene point,the radial distane r is equivalent to the magnitude B while the polar angle Θ refersto the angle between the magneti �eld and the light �eld. Consequently, the �uxgatedata an be transferred into spherial oordinates to gain information about the angle

Θ and the magnitude B in order to ensure the CDSM operation in all diretions of the
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Figure 4.23: Transformation of Cartesian to the spherial oordinate system.magneti �eld and to rapidly �nd the CPT resonanes at start-up (see Setion 4.1.1).The typial Full Width of Half Maximum (FWHM) linewidth of CPT resonanesuperpositions in the urrent setup is approximately 2 kHz whih is equivalent to95 nT for n = ±3. For a reliable operation of the CDSM, the magnitude of themagneti �ux density alulated of �uxgate omponents xf , yf and zf should havean absolute error of less than 30 nT. The magnitude an be written as
Bf =

√

(x+ xe)2 + (y + ye)2 + (z + ze)2 (4.22)where x, y and z refer to the atual magneti �eld and xe , ye and ze to erroromponents. With the worst ase assumption x = y = z and xe = ye = ze, it an besimpli�ed to
Bf = B +Be =

√
3 (x+ xe) (4.23)whih leads to a single omponent error of the �uxgate of

xe =
Be√
3
=

30√
3
≈ 17nT . (4.24)Consequently, the �uxgate magnetometer should provide the xf -, yf - and zf -omponents of the magneti �ux density within an absolute error of 17 nT eah inorder to ensure a orret detetion of the CPT resonanes.Spherial oordinates of the �uxgate data an be alulated by a two-stage trans-formation. Eah stage an be implemented as a rotation of one Cartesian oordinate



4 Control Unit Design and Evaluation 46axis into another one by applying e.g. CORDIC algorithms. These type of algorithmshave been �rst published by Volder in 1959 [44℄ and allow an e�ient implementationof funtions with digital signal proessing.Typially, the xf - and yf - axes are de�ned in the sensor mounting plane. For theCDSM sensor unit, the z-axis has been seleted as the laser propagation diretion.In order to �t the Cartesian oordinates system to the ommon nomenlature ofspherial oordinate systems the oordinates are transferred by
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(4.25)into a seond Cartesian oordinate system denoted by x, y, and z in Figure 4.23.In a �rst CORDIC proess the transformed y-axis is rotated into the x-axis (I). Theiterative rotation of a CORDIC vetor (x(i)c , y(i)c )T by an angle αi in order to obtain(x(i+1)

c , y(i+1)
c )T is given by

[

x
(i+1)
c

y
(i+1)
c

]

=

[

cosαi −sinαi

sinαi cosαi

][

x
(i)
c

y
(i)
c

] (4.26)whih an be rewritten as
[

x
(i+1)
c

y
(i+1)
c

]

= cosαi

[

1 −tanαi

tanαi 1

] [

x
(i)
c

y
(i)
c

]

. (4.27)In ase tanαi is seleted to di2−i, with di=±1, the rotation an be implementedwithout multipliations exept for the fator
cosαi =

1√
1 + 2−2i

(4.28)whih is solely a funtion of the number of iterations N, with 0 < i ≤ N . For therotation over an arbitrary angle α, with −π
2 ≤ α ≤ π

2 , the angle an be deomposedto
α =

N
∑

i=0

di arctan 2−i (4.29)where di+1=±1 for z(i)c ≥ 0 or di+1=−1 for z(i)c <0 (see Equations 4.30). Thefator artan 2−i an be pre-alulated and stored in the look-up table. This leads tothe general CORDIC equations
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x(i+1)
c = x(i)c − di2

−iy(i)c

y(i+1)
c = di2

−ix(i)c + y(i)c

z(i+1)
c = z(i)c − dil(i) .

(4.30)For the applied vetoring-mode and with the initial values x(0)c = x, y(0)c = y andz(0)c = 0, the iterative alulations result in
x(N)
c = K

√

x2 + y2 = x′

y(N)
c = 0

z(N)
c = arctan(

y

x
)

(4.31)where K = ∏N
i=1

√
1 + 2−2i and di is a funtion of y(i)c : di=1 for y(i)c ≤ 0 or di=−1for y(i)c >0. Consequently, the initial vetor (x(i)c , y(i)c )T has been rotated onto thex-axis and saled with the fator K to gain the value x'.The new CORDIC vetor (x(i)c , y(i)c )T is rotated onto the z-axis by a seond iterativerotation (II) with the initial values x(0)c =z, y(0)c =x' and z(0)c =0. It is saled withsame fator K sine the number of iterations for both rotations is set equal. Theiterative alulations result in

x(N)
c = K

√

z2 + x′2 = B

y(N)
c = 0

z(N)
c = arctan(

x′

z
) = θ

(4.32)where the value of x(N)
c in Equation 4.32 orrespond to the magnitude of the mag-neti �ux density B while the value of z(N)

c is the angle θ between the magneti �eldand light propagation diretion in the sensor.4.2 Control Loops to Trak Fine Struture TransitionIn order to exite the �ne struture splitting transition 52S1/2 → 52P1/2 of the rubid-ium D1 line in Figure 2.1, energy of a light �eld with the wavelength λFS = λV CSEL =794.979 nm is required. The wavelength in the Near Infra-Red (NIR) region an beestablished by a VCSEL diode. The vertial avity of VCSELs has the harateristiof low parasiti apaity and therefore an be modulated by mirowave signals withgood e�ieny [48℄. Furthermore, VCSELs have inherent single mode apability [48℄.



4 Control Unit Design and Evaluation 48Without ontrol of the laser arrier frequeny, the entire triple modulated light�eld spetrum, whih is applied in order to exite and detet the magneti �elddependent Zeeman resonanes, would drift. This would ause a so-alled two-photondetuning [49℄ of the CPT resonane exitation proess and would lead to a malfuntionof the magnetometer. The optial transition 52S1/2 → 52P1/2 of the rubidium D1 linehas typially a Doppler broadened FWHM of 600MHz. For a reliable operation of theCDSM, the laser frequeny must �t within a tolerane of < 100MHz. The VCSELfrequeny is strongly related to the DC injetion urrent and to the temperaturevia the frequeny and temperature shifting oe�ients 340GHz/mA and 34GHz/K(� λV CSEL=794.979 nm), respetively8. Consequently, both parameters must beontrolled preisely as it is disussed for the laser temperature in Setion 4.2.1 andfor the laser injetion urrent in Setion 4.2.2.4.2.1 Control Loop to Set Laser TemperatureThe laser temperature ontrol loop is established in order to set the temperatureof the VCSEL diode, that in ombination with the laser injetion urrent diretlyin�uenes the output frequeny. In Setion 4.2.1.1, a general overview of the ontrolloop design is given. Setion 4.2.1.2 to Setion 4.2.1.5 disuss in detail the funtionbloks whih are part of the ontrol unit.4.2.1.1 OverviewThe temperature of the VCSEL diode is set by a bi-diretional urrent through aThermo-Eletri Cooling (TEC) element (see Figure 4.1). Aording to the thermo-eletri e�et in ondutors, the urrent through the TEC element ools down oneside of the module while the other is heated up. A reverse urrent leads to a hangeof the diretion of the heat �ow through the TEC element. The urrent strength anddiretion are set by dual Pulse Width Modulation (PWM), generated in the FPGAand disussed in Setion 4.2.1.2.The PWM signals are ampli�ed by an output struture on the eletronis boardand drive the TEC element loated in the laser unit. Two options of possible outputstrutures are ompared in terms of e�ieny in Setion 4.2.1.3.The laser temperature is monitored by a Negative Temperature Coe�ient (NTC)resistor. Both the TEC element and the NTC resistor are thermally oupled to thelaser diode. The temperature measurement iruit and the ADC are disussed in8The frequeny and temperature shifting oe�ients are values obtained from the ULM photonis795 nm single mode VCSEL diode datasheet, v4.
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Figure 4.24: Di�erent stages of the PWM pattern generation.Setion 4.2.1.4. The quantized signal is fed to the laser temperature ontroller whihalulates the duty yle required to keep the atual VCSEL temperature at the settemperature.4.2.1.2 Synthesis of Duty CyleThe PWM should not disturb the magneti �eld measurement or other funtionbloks of the instrument. Frequenies below 30Hz are of interest for the magneti



4 Control Unit Design and Evaluation 50�eld measurement. Modulation frequenies from 1000Hz to 30000Hz are typiallyused for the overall three lok-in ampli�ers in order to phase-sensitively detet optialresonane features in the experiment. Hene, the fundamental frequeny of the PWMis set to approximately 152.6Hz whose period is equivalent to 216 lok yles of theFPGA lok frequeny fFPGA = 10MHz (see (I) in Figure 4.24). Consequently, theresolution of the PWM word is 16 bit. However, for this frequeny regime, the designand implementation of power supply �lters would be hallenging in terms of massand PCB area.In order to enable a more frequent output swithing and preserve the high resolutionof the initial PWM word, the 16 bit fundamental PWM period is divided into 28segments whih at as sub-PWM periods with a resolution of 8 bit eah (see (II) and(III) in Figure 4.24). At the start of a fundamental PWM period, the duty yle of thesub-PWMs is set by the higher 8 bit of the 16 bit PWM word (see (IV) in Figure 4.24).The low 8 bit of the 16 bit PWM word in ombination with a segment ounter deidesat whih segment of the fundamental PWM period the duty yle of the sub-PWMsis inremented by one (IV and V). This tehnique ombines a high PWM resolutionof 16 bit and a high frequent PWM output swithing with a de�ned sub-fundamentalat 39062.5Hz. The sub-fundamental frequeny is beyond the frequeny range of thelok-in ampli�ers.Within one sub-PWM period, the PWM signals A and B are swithed omplemen-tary and symmetri to half of the period (VI). This minimizes synhronous swithingevents of signal A and signal B and, onsequently, the EMI on the power supply.4.2.1.3 Output StrutureThe signals A and B of the dual PWM are ampli�ed by a dual MOSFET driver onthe eletronis board (see Figure 4.25).For option 1, the TEC element is diretly onneted to the driver. If the PWMsignals A and B are both high or low, the terminals of the TEC are at the samepotential and no urrent �ows. In ase of signal A is low and signal B is high, theurrent through the TEC module e.g. heats the laser diode while the mounting plateon the other side of the element is ooled. For steady state, the maximal eletrialpower PTECmax in the TEC element an be expressed by
PTECmax = RTEC · I2TECmax

(4.33)where RTEC refers to the resistane of the TEC element and ITECmax to the maxi-mum TEC urrent whih is determined by the supply voltage of the MOSFET drivers
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Figure 4.25: Simple laser temperature output struture (option 1).and the series resistane of all elements in the urrent path of ITEC . For option 1, thatinludes the on-resistanes RAp and RBn of the p-hannel and n-hannel MOSFETsof the drivers A and B, respetively, the resistane Rw of the wires and onnetorswhih interfae the laser unit and RTEC . The resistane of the urrent path of ITECfor heating, Rh1
, an be written as

Rh1
= RAp +

1

2
Rw +RTEC +

1

2
Rw +RBn . (4.34)In ase of the PWM signal A is high and signal B is low, the urrent through theTEC element is reversed and ools the laser. Analogue to Equation 4.34, the oolingresistane for option 1 an be expressed by

Rc1 = RAn +
1

2
Rw +RTEC +

1

2
Rw +RBp (4.35)where RAn and RBp refer to the on-resistanes of the n-hannel and p-hannelMOS-FETs of the drivers A and B, respetively.For option 2, two additional MOS-FET Totem Pole (TP) output strutures A andB are introdued in order to drive the TEC element. The overall resistanes for
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Figure 4.26: Advaned laser temperature output struture (option 2).heating and ooling an be written as
Rh2

= RTPAp
+

1

2
Rw +RTEC +

1

2
Rw +RTPBn

(4.36)and
Rc2 = RTPAn

+
1

2
Rw +RTEC +

1

2
Rw +RTPBp

(4.37)where RTPAp
and RTPBn

refer to the on-resistanes of the p-hannel and n-hannelMOSFETs of the totem poles A and B in ase of heating, while RTPAn
and RTPBp

arethe on-resistanes of the n-hannel and p-hannel MOSFETs of totem poles A and Bin ase of ooling.Figure 4.27 shows alulations of the overall power onsumption of the output stru-tures (upper plot, dashed lines), the eletrial power dissipation in the TEC element(upper plot, solid lines) and the power e�ieny (lower plot) for output strutureoption 1 (blue) and option 2 (green). The resistanes of wires and onnetors are
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efficiency option 2Figure 4.27: Laser temperature output struture power onsumption and e�ieny.negleted for these alulations9 For option 1, the seleted dual MOSFET driver10,operated at Vsupply = 5V, limits the eletrial power at the TEC element to approx-imately 740mW with an e�ieny of 50% (RTEC=8.5Ω). The additional MOSFETtotem poles in option 2 have lower on-resistanes11 whih inrease the maximal ele-trial power at the TEC and improve e�ieny of the overall iruit. E.g. an eletrialTEC power of 1W an be realized with a TEC resistane of RTEC = 24.4Ω and withan e�ieny of 98.85%.

9The wire and onnetor resistanes are muh smaller than RTEC . E.g. 0.25Ω/m obtained fromdatasheet for a spae-quali�ed GORE wire or <0.01Ω obtained from datasheet for a LEMO 00series onnetor.10E.g. RAp , RBp=4.5Ω and RAn , RBn=4Ω obtained from datasheet for Mirel MIC4424 dualMOSFET driver.11E.g. RTPAp
, RTPAn

=0.219Ω obtained from datasheet for a p-hannel MOSFET 2SJ1A06 andRTPAn
, RTPBn

=0.064Ω obtained from datasheet for a n-hannel MOSFET 2SK4219.



4 Control Unit Design and Evaluation 54Table 4.1: Parameters of the laser temperature measure-ment.Temperature RNTC VNTC VADC(◦C) (Ω) (V) (V)Lower limit 31.4 7875 2.67 5Nominal 35.2 6859 2.50 2.5Upper limit 38.9 6010 2.34 04.2.1.4 Temperature MeasurementThe temperature of the laser diode is measured with an NTC resistor. The thermistoris thermally oupled to the laser diode and part of a Wheatstone bridge. The voltagedi�erene of the bridge is bu�ered, saled and o�set by a non-inverting ampli�er. Theoutput signal is quantized by an ADC whose resolution is the limiting fator for theauray of the laser temperature ontrol loop.The low range urrent sink of the laser urrent generator disussed in Setion 4.2.2.3has a full-sale range of 1.953µA. This is equivalent to a laser temperature intervalof 0.0195K12 (0.0252K)13. The resolution of the high range urrent sink is set tohalf of the low range full-sale in order to avoid missing output urrents due to partimperfetions (see Setion 4.2.2).Therefore, laser temperature hanges greater or equal to half of the low range full-sale require an adaption of the high range urrent sink in order to keep the outputwavelength tuned to the �ne struture transition 52S1/2→ 52P1/2 (see Figure 2.1).This proess would lead to hysteresis e�ets at the laser output urrent and wouldresult in additional noise of the laser arrier frequeny. Consequently, the temperatureontrol loop should be designed to keep the laser temperature within half of thelow range urrent sink full-sale and, respetively, within the temperature range of0.0098K (0.0126K) in order to avoid hysteresis noise.Additionally, the measurement should over all temperatures whih are paired tothe laser injetion urrent operating range of 1.5 to 2mA. The experimentally deter-mined temperature-urrent pairs for a onstant wavelength of λLASER = 794.979 nm12The wavelength tuning over urrent oe�ient of 0.6 nm/mA and the wavelength tuning overtemperature oe�ient of 0.06 nm/K result in a temperature over urrent oe�ient of 10K/mA.Values are obtained from ULM photonis 795 nm single mode VCSEL diode datasheet, v4.13Parameters shown in braes are measured for the same laser diode. The displaement oe�ientof -2.99 µA/GHz and the temperature dependene of -25.96GHz/K result in a temperature overurrent oe�ient of 12.88K/mA.
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Figure 4.28: Laser temperature measurement iruit with alulated values.are 38.3◦C at 1.5000mA, 35.2◦C at 1.7500mA and 32◦C at 2.0000mA. With a marginof about 20%, the lower and the upper limit of the measurement are set to 31.4◦Cand 38.9◦C, respetively.With a temperature measurement range of 7.5K and a 12 bit ADC, the minimalquantized temperature step of 0.00183K is a fration of 5.3 (6.9) of the target reso-lution.Table 4.1 shows the lower limit, the upper limit and the nominal temperature ofthe laser temperature measurement with the orresponding NTC14 resistanes, thevoltages at the NTC resistor and the voltages at the ADC input. The nominal oper-ating urrent of the laser diode is set to 1.75mA whih enables a balaned adjustmentrange for the urrent sinks (see Setion 4.2.2). The resistane of Rlin in Figure 4.28has been seleted equal to the NTC resistane at the nominal temperature of 35.2◦C(RNTC = 6859Ω) whih leads to the maximum temperature-to-voltage gain fatorof the measurement at this point [33℄. R2 is set equal to Rlin. The voltages VNTCland VNTCu at the NTC resistor whih orrespond to the lower and upper limit of thetemperature measurement range, respetively, an be alulated by
VNTCl

= Vref
RNTC31.4◦C

Rlin +RNTC31.4◦C

= 2.67V (4.38)and
VNTCu = Vref

RNTC38.9◦C

Rlin +RNTC38.9◦C

= 2.34V (4.39)14The NTC resistanes refer to measured values of EPCOS B57550G103J.
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Figure 4.29: Blok diagram of the laser temperature ontrol loop.where Vref is the supply voltage generated by a voltage referene for the Wheat-stone bridge and for the ADC. VNTCl
and VNTCu are mapped to VADCl

= Vref =5V and VADCu = 0V, respetively, in order to �t the ADC input range. The requiredampli�ation fator an be alulated by
A =

VADCu − VADCl

VNTCu − VNTCl

= 14.8 . (4.40)The ampli�ation of the non-inverting ampli�er is given by
A = 1 +

R3

R1 ‖ R2
(4.41)With VNTCl

= 2.67V mapped to VADChigh
= 0V the ondition

VNTCl
= Vref

R1 ‖ R3

R1 ‖ R3 +R2
= 2.67V (4.42)must be ful�lled, whih leads to equations

R3 = A · R2 ·
VNTCu

Vref
= 47481Ω (4.43)and

R1 = − R3

1 +A(
VNTCu

Vref
− 1)

= 6881Ω . (4.44)4.2.1.5 ControllerIn Figure 4.30, the step response of the laser temperature ontrol path in air (red) ismeasured with a duty yle step from 0.6875 to 0.8125. The upper plot shows that
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P (t) = G1(1− e
t
τ1 ) +G2(1− e

t
τ2 ) + const (4.45)where G1 = −1.62 and G2 = −2.25 are the gain fators and τ1 = 449 s and τ2 = 60 sare the time onstants of the �rst and the seond exponential funtion, respetively.Figure 4.29 shows the blok diagram of the simpli�ed laser temperature ontrol loop.The transfer funtion of the ontrol path in the s-domain, P(s), is given by

P (s) =
y(s)

u(s)
=

G1

τ1s+ 1
+

G2

τ2s+ 1
(4.46)whih an be rewritten as

P (s) = kP
s+ c

(s+ d)(s + e)
(4.47)
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kP =

G2 · τ1 +G1 · τ2
τ1 · τ2

c =
G1 +G2

G2 · τ1 +G1 · τ2
d =

1

τ1

e =
1

τ2
.

(4.48)
For d=0, the transfer funtion of the losed ontrol loop T(s) an be expressed as

T (s) =
y(s)

v(s)
=

y′(s)

v(s)
=

R(s)C(s)

1 +R(s)C(s)
. (4.49)P(s) an be ideally ompensated by the ontroller

C(s) =
u(s)

e(s)
= kC

(s+ d)(s + e)

s(s+ c)
. (4.50)with

kC =
1

kP · τT
(4.51)where τT is the target time onstant of the losed ontrol loop without onsideringlimitation of the system parameters. With the transfer funtion C(s) in Equation 4.50,the gain, the zero and the poles of the ontrol path are ompensated. An additionalintegrator leads to a steady state error e∞ = 0. The transfer funtion in the z-domainan be determined for the given parameters , d, e, kC with bilinear transformation15whih an be written as

C(z) =
u(z)

e(z)
= kC · b2z

2 + b1z + b0
a2z2 + a1z + a0

(4.52)with16
bT =

[

b2 b1 b0

]T
=







1

−1.999876183413669

0.999876185007842






(4.53)15The bilinear transformation an be expressed by s= 2

T
z−1

z+1
where fs = 1/T refers to the samplingfrequeny of the ontroller implementation.16The oe�ients are alulated with MathWorks Matlab in the double preision format.
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aT =

[

a2 a1 a0

]T
=







1

−1.999977098612504

0.999977098612504






. (4.54)C(z) represents su�iently the transfer funtion C(s) for fs/f−3 dB ≫ 10 [50℄, wherefs refers to the sampling frequeny of the digital ontroller implementation and f−3 dBto the orner frequeny of the ontrol loop. For a �resoure-friendly� implementation,the oe�ients are approximated by funtions of rounded powers of two, whih anbe implemented as shifting operations in the FPGA. The rounded oe�ients br andar of the ontroller Cr(z) an be expressed as

bTr =
[

b2 b1 b0

]T
=







1

−2 + 2−13

1− 2−13






(4.55)and

aTr =
[

a2 a1 a0

]T
=







1

−2 + 2−15

1− 2−15






. (4.56)Figure 4.31 shows the frequeny responses of the ontrol path P(s) (blak), of theideal ontroller C(z) (dashed green), of the implemented ontroller Cr(z) (dashedblue), of the ideal losed loop (solid green) and of the implemented losed loop (solidblue). Ideally, the gain fator of the ontroller is −24.3 in order to enable a hypo-thetial time onstant of τT = 1 s of the losed ontrol loop. The bandwidths of theimplemented ontroller and of the losed ontrol loop are slightly higher sine thegain fator kr is realized by a negation and a shift funtion of 5 whih is equal to 32.4.2.2 Control Loop to Set Laser CurrentThe laser urrent ontrol loop is established in order to set the injetion urrent of theVCSEL diode whih in ombination with the laser temperature diretly in�uenes theoutput frequeny. In Setion 4.2.2.1, a general overview on the ontrol loop design isgiven. Setion 4.2.2.2 and Setion 4.2.2.3 disuss in detail the funtion bloks whihare part of the ontrol unit.
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4 Control Unit Design and Evaluation 61
C(z) -

+ Error signal +

+

P(z) 

Actuating variable via
high and low range current sink

Disturbance signal due to
temperature and long-term drifts of components in 

the laser temperature and current control loops

Feedback signal

In-phase signal

Lock-in amplifier

Controller

e u y

d

u’

Set point

v = 0

Control Path

Figure 4.32: Blok diagram of the laser urrent ontrol loop.

−10 −5 0 5 10

−0.2

−0.1

0.0

0.1

0.2

In
−

ph
as

e 
(r

ed
) 

an
d 

qu
ad

ra
tu

re
−

ph
as

e 
(b

lu
e)

 [a
rb

. u
ni

t]

Frequency offset [GHz]

 

 
in−phase
quadrature−phase

Figure 4.33: Laser frequeny spetrum derived by urrent sweep.urrent of the adjustable urrent generator is atually a superposition of a DC andan AC omponent. The subsequent signal path is similar to the one of the magneti�eld ontrol loop disussed in Setion 4.1.Figure 4.33 shows the in-phase (red) and quadrature-phase (blue) outputs of thelok-in ampli�er for a laser urrent sweep with enabled FM spetrosopy. The �nestruture transition frequeny νFS is probed by the laser arrier frequeny fLASERand the mirowave sidebands fLASER ± n fMW (n = 1, 2, ...).The parameters for the FM spetrosopy (deviation frequeny, modulation indexand phase of the referene signal) are di�erent ompared to the ontrol loop for the
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(III) Figure 4.34: Mapping of the atuating variable onto two DAC words.magneti �eld measurement (fref3≪ linewidth of spetral feature). Therefore, thedemodulation outputs of the lok-in ampli�er have to be interpreted di�erently (seeSetion 3.1). The in-phase signal (red), or osine omponent, is then proportional tothe �rst derivative of the absorption pro�le while the quadrature-phase signal (blue),or sine omponent, is related to its seond derivative [51℄. In onsequene, the zerorossing, whih is important to trak hanges of the laser frequeny, ours in thein-phase signal [51℄ at the zero frequeny o�set in Figure 4.33.As shown in Figure 4.32, it is fed to the laser urrent ontroller as feedbak signal.The ontroller is idential to the implementation disussed for the Zeeman ontrolloop. Typially, the bandwidth of the laser urrent ontroller is set 10 times largerthan the bandwidth of the Zeeman ontrol loop in order to redue noise of the onstanturrent soure in the frequeny range of the magneti �eld measurement.4.2.2.2 Mapping of Atuating VariableThe ombination of a high range and a low range urrent sink enables a wide adjust-ment range of the DC injetion urrent with high resolution. In priniple, the digitalwords of the high and low range DACs orrespond to the atuating variable of thelaser urrent ontroller. The least signi�ant urrent step of the high range urrentsink is set to half of the full range of the low range urrent sink. This overlap avoidsmissing analogue urrent outputs due to part toleranes.In Figure 4.34, the atuating variable is saled to one (I). The digital input wordfor the high range DAC is de�ned by the ratio of the high range and the low range.



4 Control Unit Design and Evaluation 63For instane, with a sink ratio of 28 as implemented in Figure 4.35 only the Q=9most signi�ant bits of the atuating variable are mapped to the high range DACwhile the rest of the high range bits is zero (II). The subsequent bits of the atuatingvariable are mapped to the low range DAC (III). As disussed in Setion 4.2.2.3, theMost Signi�ant Bits (MSB) of both, the high range and low range DAC word, areset to one.4.2.2.3 Current GeneratorThe onstant urrent generator iruit in Figure 4.35 onsists of three subunits, theonstant urrent soure (shown in the upper third), the high range and low rangeurrent sinks to adjust the DC injetion urrent, the sink with sinusoidal output toenable frequeny modulation spetrosopy (shown in the enter) and the protetioniruit (shown in the lower third).The mirowave osillator in the urrent CDSM design requires a laser injetionurrent whih refers to ground potential. This limits signi�antly possible optionsfor the design and implementation of a preise and long-term stable onstant urrentsoure. The seleted iruit17 in Figure 4.35 onsists of two inverting operationalampli�ers with an additional feedbak loop from the iruit output to the invertinginput of IC 1a. With the ondition
R3 = R2 −R1 (4.57)the output urrent IDC does not depend on the output voltage Vnode and an beexpressed by

IDC =
R2

R1(R2 +Rref )
· Vref (4.58)where Vref is the output of a voltage referene, e.g. 7V. In addition to the iruitin [33℄, two apaitors C1 and C2 in the feedbak loop of eah inverting operationalampli�er sub-iruit slow down the urrent soure and redue signi�antly the urrentnoise. In a typial operation mode, the iruit soures the VCSEL diode and threeadjustable voltage-ontrolled urrent sinks in parallel via the same urrent node.Eah urrent sink operates similar and onsists of a DAC, an operational ampli�er,an npn-transistor and a resistor. As an example, for the high range urrent sink, theDAC output voltage Vh is fed to the non-inverting input of the operational ampli�erIC 3a. The voltage adjusts the ampli�er's output and the urrent through the resistorRh in order to minimize the voltage di�erene between the ampli�er inputs. The17The onstant urrent soure is based on a design example in [33℄ page 797 f.
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Figure 4.35: Shematis of laser urrent generator.urrent Ih through the resistor Rh is de�ned by Ohm's law and an be expressed forideal omponents as [33℄
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Rh
. (4.59)



4 Control Unit Design and Evaluation 65The nominal threshold voltage Vth of the seleted VCSEL diode18 is 1.8V. A DACoutput voltage Vh greater than the sum of threshold voltage Vth and the forwardvoltage Vf of the olletor-base diode inherent in the transistor T2a would lead to amalfuntion of the urrent sink. The operational ampli�er in ombination with theondutive olletor-base transition would turn the urrent sink into a soure andthe resulting over-urrent ould damage the VCSEL diode. The MSB is permanentlyset to zero for the seleted DAC with a full-sale range of 2.5V19. This limits themaximum possible output voltage to 1.25V without the need of additional analogueomponents.The resistors Rh and Rl are seleted to 2.5 kΩ and 640 kΩ, respetively, whihleads to an adjustment range of 0.5mA for the injetion urrent with a theoretiallyminimum urrent step of 60 pA for a 16 bit DAC.The operational ampli�ers IC 4a and IC 4b and the npn-transistors T 2a and T2bare implemented as dual parts on ommon dies. The eletrial harateristis e.g.possible temperature and long-term drifts math to high extend whih keeps theratio between the high range and the low range urrent sink preserved.For the low range and the sinusoidal urrent sink, the parasiti o�set voltage of theused operational ampli�ers ould lead to swithing noise in the output urrent or toharmoni distortion, respetively. Consequently, both digital DAC words are shiftedby a onstant value whose output voltage is greater than the worst ase o�set voltageonsidering operating temperature range and mission life time. This approah doesnot redue the output resolution and keeps the maximum output voltage below theritial voltage sum of Vth and Vf .VCSEL diodes are sensitive to EMI and Eletro-Stati Disharge (ESD). Therefore,an additional iruit is needed to protet the laser diode when it is unbiased and atstart-up (see Figure 4.35). In the unpowered mode, the monostable relays S 1 and S 2keep the output of the urrent generator open and terminate the VCSEL diode withthe resistor R6 to ground, respetively. At instrument start-up, the FPGA output1 swithes the relay S 1 and onnets the resistor R5 to the output of the urrentgenerator. Transient proesses of the generator are only seen by the dummy load R5and after some time the voltage Vnode is settled within the operating range of theVCSEL diode. Then, the FPGA output 2 and the relay S 2 swith the VCSEL diodeparallel to R5. In steady state, the dummy load R5 is released by S 1 and the VCSELdiode is in operation mode. With this sequene, transients at start-up annot harm18The nominal threshold voltage is obtained from the ULM photonis 795 nm single mode VCSELdiode datasheet, v4.19E.g. Maxim MAX542 serial-input, voltage-output 16 bit DAC.



4 Control Unit Design and Evaluation 66the laser diode and only one relay needs to be powered permanently (S 2).4.3 Control Loop to Trak Hyper�ne Struture TransitionThe mirowave ontrol loop is established to tune the mirowave generator frequenyin order to anel adverse systemati frequeny shifts of the hyper�ne struture tran-sition 52S1/2, F=1, mF =0↔ 52S1/2, F=2, mF =0 and to ompensate long-termdrifts of the mirowave generator. In Setion 4.3.1, a general overview on the ontrolloop design is given. Setion 4.3.2 disusses in detail the analogue output struture.4.3.1 OverviewThe hyper�ne struture transition frequeny νHFS depends in seond order on themagneti �eld (57.514 kHz/mT2), the bu�er gas pressure (2.94Hz/Pa), the bu�er gastemperature (4.1Hz/K for 4 kPa) and the light intensity.A mismath ∆νHFS of the mirowave generator frequeny and the hyper�ne stru-ture transition frequeny auses a pair of CPT resonanes whih are split by themagnitude ∆νHFS instead of one single superposition (n=±1, ±2 or ±3). In ase of
∆νHFS < δνCPT , where δνCPT is the linewidth of the CPT resonane, this splittingis not entirely resolved and thus observable as distorted, dispersive shaped signal. Inase of equal CPT resonane line strengths (n=−1 and 1, n=−2 and 2 or n=−3 and3) the point of zero rossing is idential to the ase∆νHFS =0. Therefore, a mismathwould not a�et the magneti �eld measurement of the CDSM [8℄. Unfortunately,the line strengths of single positive and negative numbered CPT resonanes are notsymmetri due to the in�uene of the optial pumping [22℄. Hene, the systematierror indued by the mismath is not entirely anelled.The CPT resonane related to the hyper�ne struture splitting transition anbe used as referene to tune the mirowave generator frequeny in order to reah
∆νHFS =0 and thus ahieve anellation of the adverse systemati frequeny shiftsindued by the bu�er gas, the AC Stark e�et [27℄ or the mismath of ∆νHFS. Ad-ditionally, the hyper�ne struture transition ontrol loop is apable to ompensatelong-term drifts of the mirowave generator. The required alibration period dependson the stability of the mirowave generator implementation.The mirowave generator is realized by a phase-loked loop whih onsists of avoltage-ontrolled mirowave osillator and a frational n-ounter frequeny divider.The generator provides a onstant radio frequeny power level and a modulationbandwidth up to 10MHz. The time base for the mirowave generator is an ad-
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Figure 4.36: Blok diagram of the mirowave ontrol loop.
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Figure 4.37: Frequeny spetrum of the hyper�ne struture transition.justable temperature-ompensated rystal referene osillator whih is tuned via avoltage input by the atuating variable of the mirowave ontroller in Figure 4.1 andFigure 4.36. A sinusoidal signal with the frequeny fref2 ≈ 1905.5Hz is superposed tothe atuating variable and enables an FM spetrosopy tehnique for stabilizing themirowave osillator. The analogue output struture whih superposes and bu�ersboth signals is disussed in Setion 4.3.2. The subsequent signal path and the in-terpretation of the demodulation outputs of the lok-in ampli�er are similar to themagneti �eld detetion ontrol loop in Setion 4.1.Figure 4.37 shows the in-phase and quadrature-phase signal of the lok-in ampli�er



4 Control Unit Design and Evaluation 68for a referene osillator output frequeny sweep with enabled FM spetrosopy. Thehyper�ne struture transition20 F=1, mF =0→F=2, mF =0 with the frequeny
νHFS is probed by the mirowave frequeny fmw and the frequeny modulation spe-trosopy sidebands at multiples of fref2 . The zero rossing appears in the quadrature-phase output (blue) whih is fed to the ontrol unit as feedbak signal (see Fig-ure 4.36).The ontroller is idential to the implementation for the Zeeman ontrol loop.Typially, the bandwidth of the mirowave ontroller is set to τT < 1 s in order toredue a possible interferene with the magneti �eld measurement.Ideally, the hyper�ne struture transition is permanently traked in order to om-pensate the adverse systemati shifts mentioned above. However, the transition or-responds to n=0 in Equation 2.3 and the amplitude of its spetral feature experi-enes the same dependene on the angle θ between the magneti �eld diretion andthe optial axis of the sensor ell as the CPT resonanes with n=±2 (see Equa-tion 2.3. As onsequene, the ontrol loop annot work reliable at wide angles (e.g.70◦ <θ< 110◦). For this alignment range a pre-reorded look-up table an adjust thereferene osillator aording to the measured sensor temperature and magneti �elddata. Another option is to apply periodially (e.g. for three seonds in every minute)an arti�ial magneti �eld in diretion of the optial axis in order to inrease thestrength of the CPT resonane n=0 and to alibrate the mirowave generator to thehyper�ne struture transition.The referene osillator also serves as a time base for the signal proessing in theFPGA and, therefore, in�uenes the magneti �eld measurement whih is derivedby the Breit-Rabi formula in Equation 2.1. Sine the referene output frequeny isadjusted in order to ompensate the bu�er gas pressure, the bu�er gas temperature,the AC Stark light shift and the magneti �eld dependenes of the hyper�ne struturetransition, a systemati error is introdued to the magneti �eld measurement. Forinstane, a referene osillator with f0 = 20MHz, the in�uene of a magneti �eld of50µT, a gas pressure of 4 kPa and a temperature hange of 25K ause auray errorsof the magneti �eld measurement of 1 pT, 86 pT and 1 pT, respetively [29℄ [27℄.These errors an be removed entirely by pre-determination of the gas pressure andpost-proessing of the magneti �eld and housekeeping data.
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Figure 4.38: Shematis of the Vref output iruit with alulated values.4.3.2 Analogue Output CiruitThe iruit shown in Figure 4.38 onsists of two adjustable voltage soures realized bytwo DACs21, three operational ampli�ers and 4 resistors. The output of the DAC volt-age soure VDACDC
orresponds to the atuating variable of the mirowave ontrollerwhile the sinusoidal DAC output VDACs enables frequeny modulation spetrosopy.Both voltages are bu�ered, ombined and saled by two voltage followers and a non-inverting summer22 in order to obtain the required adjustment voltage Vref for thereferene osillator. The voltage an be expressed by

Vref =
R2

R3
· R3 +R4

R1 +R2
· VDACs +

R1

R3
· R3 +R4

R1 +R2
· VDACDC

. (4.60)The upper input limit of the seleted referene osillator23 is
Vrefu = 3V . (4.61)The signal VDACs is digitally limited to and shifted by half of the DAC full-saleoutput voltage VDAC/2 in order to avoid harmonis due to possible o�set voltagesof the operational ampli�ers IC 1 and IC 3. For the modulation frequeny fref2 =20The hyper�ne struture transition is also alled 0-0 transition and is used for alkali-based optiallypumped atomi loks.21E.g. Maxim MAX542 serial-input, voltage-output 16 bit DAC.22The iruit is based on the design example in [52℄ page A-25.23The adjustment voltage Vref is limited to 0.3 and 3V for a power supply of 3.3 V. Values areobtained from datasheet for the MtronPTI M611x series preision temperature-ompensatedvoltage-ontrolled rystal osillator (TCVCXO).



4 Control Unit Design and Evaluation 701905.5Hz and the seleted referene osillator24, the sinusoidal peak-peak omponentVspp of the referene voltage should be 0.0379V in order to ahieve a modulationindex M = 0.5. This an be written as
Vspp =

R2

R3
· R3 +R4

R1 +R2
· VDAC

2
= 0.0379V (4.62)where VDAC = 2.5V refers to the full-sale output voltage of the DAC. WithEquations 4.60, 4.61 and 4.62, the DC omponent of the referene voltage an beexpressed as

VDC =
R1

R3
· R3 +R4

R1 +R2
· VDAC = 2.9621V . (4.63)Furthermore, the ondition

R1 ·R2

R1 +R2
=

R3 ·R4

R3 +R4
(4.64)should be ful�lled in order to anel the input bias urrent of the operationalampli�er IC 3 using the ommon-mode input voltage rejetion tehnique [52℄. Witha seleted resistor R4 = 5kΩ and Equations 4.62, 4.63 and 4.64, the resistors R1, R2and R3 an be de�ned as

R1 =
VDC

Vs
·R2 = 329.988 kΩ (4.65)

R2 =
5

6
· (1 + Vs

VDC
) · R4 = 4.220 kΩ (4.66)

R3 =
VDAC

Vrefu − VDAC
· R4 = 25 kΩ . (4.67)The resolution of the DAC whih orresponds to the atuating variable sets the min-imal frequeny step possible to adjust mirowave frequeny to the hyper�ne struturetransition frequeny νHFS. For ideal omponents, digital zero and full-sale wordsare mapped to Vref = 0V and Vref = 2.9621V, respetively. For the input limitsof the seleted referene osillator, this results in a minimum step of the mirowavefrequeny of 1.0676Hz.24The minimum frequeny adjustment range of ±9.2 ppm leads to a range of 62879 Hz for the hyper-�ne struture transition frequeny νHFS . Values are obtained from datasheet for the MtronPTIM611x series preision TCVCXO.



4 Control Unit Design and Evaluation 714.4 Control Loop to Set Rubidium TemperatureThe sensor temperature ontrol loop is established in order to set the temperature ofthe rubidium atoms in the sensor whih signi�antly in�uenes the strengths of CPTresonanes. In Setion 4.4.1, a general overview on the ontrol loop design is given.Setion 4.4.2 to Setion 4.4.4 disuss in detail the funtion bloks whih are part ofthe ontrol unit.4.4.1 OverviewThe strengths of the CPT resonanes depend, amongst other parameters, on thevapour pressure of the rubidium atoms in the glass ell and, onsequently, on thetemperature [27℄. By inreasing the temperature, more rubidium atoms are in thegaseous phase and available for the interation with the light �eld. The strengthsof CPT resonanes inrease while the FWHM narrows with the sensor tempera-ture [15℄ [17℄ [23℄ [29℄. Therefore, the noise density of the magneti �eld detetiondereases but starts to inrease again at a ertain temperature when the optial thik-ness e�et gets dominant and redues the CPT resonane line strength again [17℄. Fora reliable operation of the CDSM the sensor ell temperature must be between 15◦Cand 60◦C. Hene, no temperature ontrol is required for the operation at room tem-perature (25◦C). In ase of too low environmental temperatures, whih for instaneour during spae missions, a sensor temperature ontrol loop is needed.Similar to the laser temperature ontrol loop, the temperature of the rubidiumatoms is set by a bi-diretional PWM AC urrent through a bi�lar heating oil aroundthe glass ell. The fundamental period of the PWM is synhronized to the modulationfrequeny fref1 of the FM spetrosopy whih is used for the magneti �eld detetionin order to minimize the interferene of the AC heating urrent on the magneti �eldmeasurement. Setion 4.4.2 outlines the synthesis proess of the PWM heating signalsA and B. The output strutures for the heating urrent are idential to option 2 inSetion 4.2.1.3.The glass ell temperature is monitored by a non-magneti Positive TemperatureCoe�ient (PTC) resistor25 and quantized by an ADC. The measurement iruit isdisussed in Setion 4.4.3. The quantized thermistor signal is fed to the ontrollerwhih alulates the required duty yle to keep the atual temperature at the set tem-perature. The design and implementation of the ontroller is given in Setion 4.4.4.25E.g. Heraeus Sensor Tehnology PT1000 C 420 B 25AgPd 15.
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Period of FM reference signal with f ref1 ~ 7102.3 Hz

(I)

Fundamental PWM period with 2fref1 ~ 14204.6 Hz

(II)

PWM output signal A

PWM output signal B

Heating duty cycle

~

~

Heating duty cycleFigure 4.39: Sensor temperature heating waveforms.4.4.2 Synthesis of Duty CyleA ommon tehnique in order to redue the in�uene of the heating urrent on themagneti �eld measurement to a large extent is the bi�lar heating oil. Anothertehnique is the proper seletion of the waveform of the heating urrent (see Fig-ure 4.39). As disussed in Setion 4.1.5, the lok-in ampli�er used for the magneti�eld detetion operates at the modulation frequeny fref1 of approx. 7102.3Hz (I).The moving average �lter and the entire magneti �eld measurement has spetralminima at frequeny multiples of 2fref1 (see Figure 4.17). A PWM of the heatingurrent with the fundamental frequeny 2fref1 (II) would have frequeny omponentsidential to those spetral minima. Consequently, for an ideal implementation, theheating urrent should not have an in�uene on the magneti �eld measurement.If the output strutures are realized by disrete omponents, both p-hannel andboth n-hannel MOSFETs should be part of the same lot and thermally oupled.With this design, the resistanes for both signal paths math to a high extent and thein�uene on the magneti �eld measurement due to a parasiti DC �eld is minimized.4.4.3 Temperature MeasurementThe implementation for the sensor temperature measurement and quantization is sim-ilar to the iruit disussed for the laser temperature ontrol loop in Setion 4.2.1.4.The temperature of the sensor ell is measured with a PTC resistor whih is magnet-ially lean and su�ient linear over the required temperature measurement range of-70◦C to 80◦C (see Table 1.2). The thermistor is thermally oupled to the rubidium-



4 Control Unit Design and Evaluation 73Table 4.2: Parameters of the sensor temperature measure-ment.Temperature RPTC VPTC VPTC(◦C) (Ω) (V) (V)Lower limit -70 723 0.337 0Nominal 20 1078 0.487 3.28Upper limit 80 1309 0.579 5
10kΩ 10kΩ
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RPTC

Rlin R2

R1
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Vref

VNTC

VADC ref 

VADC IN 

Figure 4.40: Sensor temperature measurement iruit.�lled glass ell and is part of a Wheatstone bridge whose voltage di�erene is bu�ered,saled and o�set by the non-inverting operational ampli�er iruit in Figure 4.40.With a temperature measurement range of 150K and a 12 bit ADC, the digitaltemperature resolution is 0.0366K. This resolution is su�ient in order to ful�l thetemperature stabilization requirement of 1K auray.Table 4.2 shows the lower limit, the upper limit and the nominal set temperatureof the sensor temperature measurement with the orresponding PTC resistanes,the voltages at the PTC resistor and the voltages at the ADC input. The nominaloperating temperature of the sensor ell is set to 20◦C. The resistanes of Rlin andR2 in Figure 4.40 have been seleted to 10 kΩ in order to limit the self-heating of thethermistor. The voltages VPTCl
and VPTCh

at the PTC resistor orrespond to thelower and upper limit of the temperature measurement range, respetively, and anbe alulated by
VPTCl

= Vref

RPTC
−70◦C

Rlin +RPTC
−70◦C

= 0.337V (4.68)
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Figure 4.41: Blok diagram of the sensor temperature ontrol loop.and
VPTCh

= Vref
RPTC80◦C

Rlin +RPTC80◦C

= 0.579V (4.69)where Vref refers to the referene voltage of the Wheatstone bridge and the ADC.VPTCl
and VPTCh

are mapped to VADCl
= 0V and VADCh

= Vref = 5V, respe-tively, in order to �t the ADC input range. The required ampli�ation fator an bealulated by
A =

VADCh
− VADCl

VPTCh
− VPTCl

= 20.7 . (4.70)The ampli�ation of the non-inverting ampli�er iruit is given by Equation 4.41.With the ondition
VPTCl

= Vref
R1 ‖ R3

R1 ‖ R3 +R2
= 0.337V (4.71)R3 and R1 an be alulated to

R3 = A ·R2 ·
VPTCh

Vref
= 13953Ω (4.72)and

R1 = − R3

1 +A(
VPTCh

Vref
− 1)

= 763Ω . (4.73)
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Figure 4.42: Step response of the sensor temperature ontrol path.4.4.4 ControllerFigure 4.41 shows the blok diagram of the simpli�ed sensor temperature ontrol loop.The design and implementation of the sensor temperature ontroller is similar to theproess outlined for the laser temperature ontroller in Setion 4.2.1.5. In Figure 4.42,the step response of the sensor temperature ontrol path in air is measured with amanual duty yle step from 0 to 1. In the upper plot, the sensor temperatureraises from approx. 29.8◦C to 67.0◦C within 1000 s. In the lower plot, the measuredtemperature in the FPGA is normalized to obtain the step response (blue) whih is�tted by a seond order exponential funtion. The response of the two-pole system anbe expressed in the time domain by Equation 4.45 with the gain fators G1 = 0.081and G2 = 0.187 and the time onstants τ1 = 672 s and τ2 = 143 s, respetively. Thetransfer funtion in the s-domain, P(s), is given by Equation 4.48 and an be ideallyompensated by a ontroller C(s) with the struture as outlined in Equation 4.50.The transfer funtion of the ontroller R(s) ompensates the gain, the zero and thepoles of the ontrol path. Additionally, an integrator leads to a steady state error
e∞ = 0. The transfer funtion in the z-domain, R(z), an be determined with bilineartransformation. Idential to Equation 4.52, it an be expressed by
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C(z) = kR · b2z

2 + b1z + b0
a2z2 + a1z + a0

(4.74)with26
bT =

[

b2 b1 b0

]T
=







1

−1.999944419346114

0.999944419793047






(4.75)and

aT =
[

a2 a1 a0

]T
=







1

−1.999987202973020

0.999987202973020






. (4.76)For a �resoure-friendly� implementation, the oe�ients are approximated by fun-tions of rounded powers of two, whih an be implemented as shifting operations inthe FPGA. The rounded oe�ients br and ar an be expressed as

bTr =
[

b2 b1 b0

]T
=







1

−2 + 2−14

1− 2−14






(4.77)and

aTr =
[

a2 a1 a0

]T
=







1

−2 + 2−16

1− 2−16






. (4.78)Figure 4.43 shows the frequeny responses of the ontrol path P(s) (blak), theideal ontroller C(s) (dashed green) and implemented ontroller Cr(z) (dashed blue)as well as of the ideal losed loop T(s) (solid green) and implemented losed loopTr(s) (solid blue). Ideally, the gain fator of the ontroller is 700.2 in order to enablea hypothetial time onstant of τT = 1 s of the losed ontrol loop. The bandwidthsof the implemented ontroller and losed ontrol loop are slightly lower sine the gainfator kr is realized by a shift funtion of 9 whih is equal to 512.

26The oe�ients are alulated with MathWorks Matlab in the double preision format.
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5 Instrument PerformaneThe resoure requirements of the existing prototype and for a power supply optimizedimplementation are outlined in Setion 5.1. The key performane parameters ofthe CDSM prototype suh as the auray, the harateristis of the power spetraldensity of detetion noise, the temperature dependene and the dynami range aredisussed in Setion 5.2.5.1 Required ResouresThe prototype of the CDSM shown in Figure 4.2 has been developed as EM for theChinese low Earth orbit mission EMS, whih will be launhed in 2016. Table 5.1shows the required mass and power onsumption of the EM design for two di�erentpower supply on�gurations.In olumns denoted by Prototype, the values for mass and power in air and vauumare measured using the existing prototype and are based on the power interfae of
± 12V and 5V de�ned for the EMS mission. The interfae is determined by the Chi-nese power supply system and available DC/DC onverters. Nominal overall poweronsumption in air and vauum are 5267mW and 3498mW, respetively. Signi�antpower loss ours in the line regulators. The instrument mass of 774 g inludes a �vemeter long harness whih onnets the mixed signal eletronis board and the sensorunit.For olumns denoted by Optimized instrument, the measured urrent onsumptionsof single omponents and funtional bloks are re-alulated for a power supply inter-fae of ±5V, 3.3V and 1.2V and take orresponding datasheets into aount. Thealulations show that an optimized instrument interfae an signi�antly redue thenominal overall power onsumption to 2515mW in air and 1427mW in vauum.



5 Instrument Performane 79Table 5.1: Resoures measured for EMS and estimated for optimized interfae.EMS/Prototype a Optimized instrument bMass Power Power Power Powerair vauum air vauum(g) (mW) (mW) (mW) (mW)Mixed signal eletronis board 320Control unit 2061 2061 956 956Mirowave unit 836 836 309 309Laser unit 90Laser temperature ontrol  1575 d 403 d 455 e 123 eSensor unit 278Sensor temperature ontrol f(optional) 795 g 198 g 795 g 39 hHarness i 86Overall 774 5267 3498 2515 1427a Measured and based on power interfae de�ned for the EMS mission: ±12V, 5V.b EMS design re-alulated for optimized power supply: ±5V, 3.3V, 1.2V. Nominal EMS instrument box temperature and laser operating temperature are 0◦C and35◦C, respetively.d Power-to-temperature oe�ients of the urrent laser unit measured for air (45mW/K)and vauum (11.5 mW/K) are linearized and averaged.e Power-to-temperature oe�ients for a miniaturized laser unit in air (13mW/K) andvauum (3.5mW/K) are derived from thermal simulations.f Nominal EMS boom interfae temperature and sensor operating temperature are 0◦Cand 30◦C, respetively.g Power-to-temperature oe�ients of the urrent sensor design measured for air(26.5 mW/K) and vauum (6.6mW/K) are linearized.h Power-to-temperature oe�ient for a miniaturized and Multi-Layer Insulation (MLI)overed sensor unit in vauum (1.3mW/K) is derived from thermal simulations.i Calulated for �ve meter long harness onsisting of two �bres (1.6 g/m) as well as twotwisted pair ables (7 g/m) for optional sensor temperature ontrol.5.2 Measurement CharateristisThe instrument auray was experimentally ompared to a geomagneti standard1based on the Overhauser e�et at the Conrad Observatory of the Central Institute forMeteorology and Geodynamis, Austria. In Figure 5.1, the magneti �ux densities1The GEM GSM-90 is a high sensitivity Overhauser e�et magnetometer and a seondary standardfor measurement of the Earth's magneti �eld.
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CDSM prototype
Overhauser magnetometerFigure 5.1: Auray of magneti �eld measurement.shown were derived by traking the resonane superposition n=±2 (blue) and bya simultaneous measurement with the observatory standard (blak). For sienti�spae missions suh as EMS, an absolute error of the magneti �eld measurementof less than 0.2 nT is required. The CDSM is expeted to meet this goal. However,the measurement shows a onstant di�erene of approximately 5 nT ompared to thereferene magnetometer. This an be explained by the spatial separation of the twomagnetometers of about 150m and the residual stray �eld of an already identi�edsensor omponent.Figure 5.2 disusses the frequeny harateristis of the CDSM prototype. Theblue oloured power spetral density was derived from measurement of the Earth's�eld based on the resonane superposition n=±2 shown in Figure 5.1. The seletedorner frequeny of approximately 1Hz and the measured power spetral density ofapproximately 70pT/√Hz of the CDSM prototype an be learly separated from thein�uene of the Earth's magneti �eld.All subsequent measurements were arried out with the sensor unit loated in athree-layer µ-metal ylindrial shielding an2 whih in ombination with a single oilsystem3 for arti�ial �elds leads to a minimum inhomogeneity of 80 nT/m in a ubewith side length of 0.05 meters.In priniple, the CDSM should not have a 1/f noise harateristi for frequenies2The µ-metal ylindri shielding an has a height of 1m and a diameter of 0.5m.3The system has a oil fator of approx. 1.25 nT/mA.
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2500 nT applied in µ−metal shielding can
Earth field at geomagnetic observatoryFigure 5.2: Power spetral density of the magneti �eld detetion noise.below the seleted orner frequeny of the instrument. Figure 5.2 also shows thepower spetral density of a noise measurement arried out in the shielding an ata onstant applied �eld of approximately 2500 nT and a hosen orner frequeny ofapproximately 3Hz (blak). The power spetral density of approximately 60 pT/√Hzinreases below 10−1Hz whih annot be separated from the temperature drift of thepermeability of the µ-metal shielding an or the noise of the onstant urrent sourewhih was needed to drive the arti�ial �eld.At the urrent stage of development, the power spetral density of the CDSM pro-totype varies between 40 and 80 pT/√Hz whih needs to be further investigated.However, this is su�ient for sienti� spae missions where the main purpose of thesalar magnetometer is to improve the long-term stability of the vetor magnetome-ters.In Figure 5.3, the in�uene of the sensor temperature on the deteted magneti �uxdensity was measured for two di�erent instrument on�gurations. The mirowaveontrol loop an ompensate drifts of the mirowave generator and systemati errorsof the transition frequeny aused by the magneti �eld, the gas pressure, the gastemperature and the AC Stark light shift. The temperature dependene of 368 pT/Kin a non-traking mirowave generator on�guration (blak) an be redued to lessthan 7 pT/K for a measurement with an ative hyper�ne struture ontrol loop (blue).The remaining drift annot be distinguished from drifts of the shielding an or theonstant urrent soure whih was used to drive the arti�ial �eld.
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6 Conlusion and OutlookIn total �ve ontrol loops were identi�ed as neessary for a reliable implementation ofthe CDSM priniple and subsequently designed. All identi�ed ontrol loops were im-plemented in a single Printed Ciruit Board (PCB) in order to enable measurementsoutside of the laboratory environment, e.g. absolute measurements at a geomag-neti observatory. Furthermore, the ontrol unit is entirely implementable with spaegrade omponents and ompliant with the resoure and interfae requirements of theEletro-Magneti Satellite (EMS) mission. The Chinese low Earth orbit EMS missionis the �rst �ight opportunity for the CDSM aboard a spaeraft. This development isequivalent to raising the Tehnology Readiness Level (TRL) of the CDSM instrumentfor the EMS mission from 1 (basi priniples observed and reported) to 5 (omponentand/or breadboard validation in relevant environment).The auray of the CDSM prototype was experimentally ompared to a geomag-neti observatory standard (see Figure 5.1). In a �rst measurement, a onstant dif-ferene of 5 nT was observed. This an be explained by the spatial separation ofthe two magnetometers and the residual stray �eld of an already identi�ed sensoromponent. The measured power spetral densities of 40 to 80 pT/√Hz shown inFigure 5.2 do not depend on the instrument bandwidth. The noise performaneis su�ient for sienti� spae missions suh as EMS, where the main purpose ofthe salar magnetometer is the alibration of the low AC measurement range of the�uxgate magnetometers. As shown in Figure 5.3, the magneti �eld measurementdepends on the sensor temperature with less than 7 pT/K. The remaining drift an-not be distinguished from the temperature drifts of the µ-metal an, the oil systemor the onstant urrent soure whih were needed for shielding and for driving thearti�ial �eld. The magneti �eld measurement was demonstrated for a magneti�ux density of 25 nT (see Figure 5.4) and the dynami range spans up to a alulatedvalue of 1mT with idential performane.The instrument has a mass of 774 g. The measured high power onsumptions of5267mW in air and 3498mW in vauum are aused by the power interfae require-ments whih are de�ned for the EMS mission. For an idential hardware but with anoptimized power interfae, the alulated power onsumption is 2515mW in air and1427mW in vauum (see Table 5.1).



Upoming development and evaluation steps inlude replaing the magneti partsof the urrent sensor unit, haraterizing the CDSM sensor loation at the observatorywith a referene magnetometer and arrying out further auray tests. Two CDSMsensor units will be mounted lose together for a further test; the sensors shouldnot interfere with eah other due to the all optial sensor design. This will giveinformation on the auray and reproduibility of the CDSM measurements.Additionally, a set of quali�ation tests will be arried out by the end of 2013. Forthe sensor unit this inludes a sine and random vibration test, a Thermal-Vauum(TV) test in the operating temperature range of −170◦C to +60◦C and a survivaltemperature test down to −196◦C. For the eletronis board and the laser unit whihinludes the laser, the oupler and the mounting frame, a sine and random vibrationtest and a TV test in the operating temperature range of −20◦C to +50◦C will bearried out. The noise and auray of the instrument will be tested at magneti �uxdensities below 100 nT. The instrument will be alibrated at the Conrad Observatoryof the Central Institute for Meteorology and Geodynamis in Austria and at theTehnishe Universität Braunshweig (TUB) in Germany. Furthermore, the sensorunit will undergo eletron irradiation tests at Graz University of Tehnology and at thePhysikalish-Tehnishe Bundesanstalt (PTB) Braunshweig in Germany. These testswill evaluate the readiness of the CDSM instrument for the EMS and in partiularfor the JUpiter ICy Moon Explorer (JUICE) mission.
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