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Abstra
tThe Coupled Dark State Magnetometer (CDSM) is a new type of s
alar magnetome-ter based on two-photon spe
tros
opy of free alkali atoms. A quantum interferen
ee�e
t 
alled Coherent Population Trapping (CPT) leads to narrow opti
al resonan
efeatures, that enable a pre
ise determination of the magneti
 �eld dependent Zeemanenergy level shifts. Systemati
 errors whi
h usually degrade the a

ura
y of singleCPT magnetometers are 
an
elled or at least minimized by the use of several CPTresonan
es in parallel.It was the main obje
tive of this thesis to identify and design the 
ontrol loops whi
hare required to enable an a

urate and reliable magneti
 �eld measurement based onthe CDSM prin
iple. All identi�ed 
ontrol loops should be implemented in a 
ontrolunit with redu
ed mass and power 
onsumption in order to enable measurementsoutside of the laboratory environment, e.g. absolute measurements at a geomagneti
observatory. Furthermore, the unit should be entirely implementable with spa
egrade 
omponents and 
ompliant with the resour
e and interfa
e requirements of theEle
tro-Magneti
 Satellite (EMS) mission. The Chinese low Earth orbit EMS missionis the �rst �ight opportunity of the CDSM aboard a spa
e
raft.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 whi
hall ele
troni
 
omponents are available with a spa
e quali�ed grade. The sensitivityof 40 to 80 pT at 1 s integration time does not depend on the sele
table instrumentbandwidth. The dynami
 range spans from demonstrated 25 nT up to extrapolated1mT with identi
al performan
e. The instrument has a mass of 774 g and the mea-sured power 
onsumption for the EMS power interfa
e is 5267mW in air and 3498mWin va
uum. For an optimized power interfa
e the 
al
ulated power 
onsumption is2515mW in air and 1427mW in va
uum.This development is equivalent to a raise of the Te
hnology Readiness Level (TRL)of the CDSM instrument for the EMS mission from 1 (basi
 prin
iples 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 quantenme
hanis
he Coherent Population Trapping (CPT)E�ekt führt zu sehr s
hmalen optis
hen Linienbreiten und ermögli
ht eine präziseBestimmung des Magnetfelds anhand der Zeeman-Vers
hiebung von Energieniveaus.Systematis
he Fehler, wie sie bei Magnetometern basiered auf der Auswertung einzel-ner CPT Resonanzen auftreten, werden beim CDSM dur
h die glei
hzeitige Verwen-dung mehrerer optis
her Resonanzen aufgehoben oder zumindest minimiert.Diese Arbeit bes
hreibt die Identi�zierung aller systemrelevanten Parameter sowieden Entwurf von Regelme
hnismen, die eine zuverlässige Magnetfeldmessung dur
hdas CDSM ermögli
hen. Alle notwendigen Funktionsblö
ke sollen in einer gewi
hts-und leistungsverbrau
hsoptimierten Kontrolleinheit implementiert werden, um Ver-glei
hsmessungen auÿerhalb des Labors, z.B. in einem geomagnetis
hen Observa-torium, zu ermögli
hen. Das entworfene Gerät soll vollständig mit weltraumqua-li�zierten Bauteilen implementierbar sein und den Vorgaben der Ele
tro-Magneti
Satellite (EMS) Mission entspre
hen. EMS ist ein 
hinesis
her Satellit in niedrigerErdumlaufbahn (low Earth orbit) an Bord dessen die Weltraumtaugli
hkeit des CDSMerstmals demonstriert werden soll.Insgesamt wurden fünf Regelkreise identi�ziert und realisiert. Der implementiertePrototyp entspri
ht den Vorgaben der EMS-Mission und kann vollständig mit welt-raumquali�zierten Bauteilen aufgebaut werden. Die gemessene Emp�ndli
hkeit be-trägt 40 bis 80 pT bei einer Integrationszeit von 1 s und ist unabhängig von derBandbreite. Der dynamis
he Messberei
h erstre
kt si
h von gemessenen 25 nT biserre
hneten 1mT bei glei
hbleibender Messqualität. Das Gewi
ht und der Leis-tungsverbrau
h des für die EMS-Mission entwi
kelten 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 erre
hnet.Die in dieser Arbeit bes
hriebene Entwi
klung entspri
ht einer Anhebung des Reife-grads der Te
hnologie (te
hnology readiness level) für die EMS Mission von Stufe 1(Beoba
htung und Bes
hreibung des Funktionsprinzips) auf 5 (Versu
hsaufbau inEinsatzumgebung).
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1 Introdu
tionMost magnetometers used for s
ienti�
 spa
e missions in the last 20 years have beenbased on the �uxgate prin
iple [1℄ [2℄ [3℄. The main reasons for this are the extensiveheritage and reliability over several de
ades and the low power and mass requirements.Fluxgates produ
e a three-
omponent ve
tor output proportional to the magnitudeand dire
tion of the magneti
 �eld with an absolute error whi
h is dominated by inher-ent un
ertainties, in parti
ular the sensor o�sets. In several s
ienti�
 spa
e missions,full s
ien
e return 
an only be a
hieved by an additional s
alar magnetometer whi
hmeasures the magnitude of the magneti
 �eld with a low absolute error (< 1 nT) [1℄.In the last few de
ades, s
alar magnetometers used in s
ienti�
 spa
e appli
ationshave been based either on the Overhauser e�e
t [1℄ [2℄ [3℄ (e.g. onboard Ørsted [4℄ [5℄and CHAMP) or the opti
ally pumped helium te
hnique [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 a
hieved, for example, by a double 
ell unit in whi
h
174 mm

4
6

 m
m

(a)

(a)

(b)

(c) (d)

(c)

(d)

(a)

(a)+(b)

(e)(e)

(f)

Figure 1.1: Cross se
tion of CDSM sensor and pi
tures of implemented 
omponents.



1 Introdu
tion 2Table 1.1: Main orbit parameters of the EMS satellite [18℄.Orbit type Sun syn
hronous, 
ir
ular and polar orbitAltitude/km 500In
lination/◦ 98Lo
al time of des
ending node 14 p.m.Revisiting 
y
le/d 5one 
ell 
ompensates the dead zone of the other, or a piezo-ele
tri
 motor whi
h is usedto 
hange the polarization of the ex
iting light �eld a

ording to the magneti
 �elddire
tion. Moreover, arti�
ial magneti
 �elds or radio frequen
y signals are neededfor the ex
itation of the medium used in the sensor 
ell.The Coupled Dark State Magnetometer (CDSM) is a s
alar magnetometer whi
h isbased on two-photon spe
tros
opy of free alkali atoms [8℄. As for other types of opti-
ally pumped magnetometers the magneti
 �eld measurement is based on the Zeemane�e
t. In the presen
e of an external magneti
 �eld the degenera
y of hyper�ne stru
-ture energy levels is lifted and results in a splitting of the levels as a fun
tion of themagneti
 �eld strength. Additionally, a quantum interferen
e e�e
t 
alled CoherentPopulation Trapping (CPT) [9℄ [10℄ [11℄ [12℄ leads to narrow resonan
e features andthus enables a pre
ise determination of the magneti
 �eld dependent Zeeman energylevel shifts [13℄ [14℄ [15℄.Thus far CPT is the only known e�e
t used in opti
al magnetometry whi
h in-herently enables omni-dire
tional measurements [13℄ [16℄. This leads to a simple all-opti
al sensor design without double 
ell units, ex
itation 
oils or ele
tro-me
hani
alparts. 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 resonan
es whi
h ide-ally redu
es the dependen
e on the sensor temperature to zero [8℄ [17℄ and leads to ahigh dynami
 range from 25 nT up to 1mT with identi
al performan
e [14℄ [15℄.The CDSM measurement prin
iple was dis
overed by Roland Lammegger, a seniors
ientist at the Institute of Experimental Physi
s (IEP), Graz University of Te
hnol-ogy in 2007 [8℄. In the same year a 
ooperation with the Spa
e Resear
h Institute(IWF), Austrian A
ademy of S
ien
es was started in order to evaluate the measure-ment prin
iple for spa
e appli
ations and to develop the �rst prototype.At the time of writing this thesis, the CDSM has been sele
ted for a �rst �ight



1 Introdu
tion 3Table 1.2: CDSM interfa
e and performan
e requirements for theEMS missiona.Power interfa
e ±12V, 5V (unregulated)Dynami
 range and resolution 103 - 105 nT, 12 pTSensitivity 100 pT at 1 s integration timeData rates 30Hz and 1HzOperating temperature rangesEle
troni
s box -15 to 50◦CSensor unit -70 to 80◦CExpe
ted total ionizing dose < 10 krad(Si)aExtra
ted from Te
hni
al Plan do
ument set up by the NSSC andthe IWF, not published.aboard the Ele
tro-Magneti
 Satellite (EMS) mission. Furthermore, it is under 
on-sideration for the JUpiter ICy Moon Explorer (JUICE) mission of the European Spa
eAgen
y (ESA) to visit the Jovian system, fo
used on the study of the Jupiter's moonsGanymede, Callisto, and Europa [19℄. The EMS mission is s
heduled for laun
h in2016 and will be the �rst Chinese platform for the investigation of natural ele
tro-magneti
 phenomena with a major emphasis on earthquake monitoring from spa
e 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 s
ienti�
 obje
tives, the EMS measuresvarious physi
al parameters in
luding ele
tri
 �eld, magneti
 �eld, ionospheri
 plasmaand high energy parti
le disturban
es.The magnetometer instrument should 
over a frequen
y range from DC to 60Hz.It is developed in a 
ooperation between the National Spa
e S
ien
e Center (NSSC)of the Chinese A
ademy of S
ien
es, the IWF and the IEP. The NSSC is responsiblefor the dual sensor �uxgate magnetometer, the instrument pro
essor and the powersupply unit, while IWF and IEP joinly develop the CDSM. An absolute magnetometeris important for full s
ien
e return, sin
e the satellite is �ying in low Earth orbit.The required a

ura
y of 0.2 nT 
an only be a
hieved with a 
ombined measurementof both the relative ve
tor and the absolute s
alar �eld due to the high terrestrialba
kground �eld. The interfa
e and performan
e requirements of CDSM for the EMSmission are summarized in Table 1.2. The mission also serves as an opportunity todemonstrate the CDSM measurement prin
iple and the developed instrument designin spa
e for the �rst time.



1 Introdu
tion 4The obje
tives of the work 
overed by this thesis are
• to identify all 
ontrol loops required to enable an a

urate and reliable magneti
�eld measurement based on the CDSM prin
iple,
• to design and implement all identi�ed 
ontrol loops in a single unit with redu
edmass 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 spa
e grade 
omponents,
• to design the 
ontrol unit 
ompliant with the interfa
e and performan
e require-ments for the EMS mission (see Table 1.2).The development of the 
ontrol unit as above is equivalent to raising the Te
h-nology Readiness Level (TRL)1 from 1 (basi
 prin
iples 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-du
tion of high a

ura
y magnetometers whi
h have already been used for s
ienti�
spa
e missions and lists the possible advantages of the CDSM in 
omparison. Italso introdu
es the requirements for the Ele
tro-Magneti
 Satellite mission whi
h isthe �rst �ight opportunity of the CDSM aboard a spa
e
raft. In Chapter 2, theCDSM measurement prin
iple is presented, the 
hara
teristi
s of the magneti
 �elddependent CPT resonan
e features are dis
ussed and the method used to 
ompen-sate possible systemati
 errors is outlined. In Chapter 3, two important dete
tionte
hniques are introdu
ed whi
h are essential for the instrument design: Frequen
yModulation Spe
tros
opy (FMS) is a method 
apable of sensitive and rapid measure-ment of weak spe
tral features and Dire
t Digital Synthesis (DDS) is a te
hniqueto generate periodi
 signals and 
ontrol pre
isely the output frequen
y and phase.Chapter 4 dis
usses the instrument design. In total �ve 
ontrol loops are identi�ed asne
essary for a reliable and a

urate operation of the CDSM. A physi
al justi�
ationand an overview of the 
ontrol loop design is given for ea
h 
ontrol loop. Furthermore,all fun
tion blo
ks whi
h are part of the 
ontrol unit are dis
ussed in detail. Chap-ter 5 presents the resour
e requirements whi
h were measured at the implementedprototype for the EMS mission and 
al
ulated for a power interfa
e optimized im-plementation. Performan
e metri
s su
h as a

ura
y, 
hara
teristi
s of the power1Te
hnology Readiness Level (TRL) is a measure used to assess the maturity of evolving te
h-nologies during its development and in some 
ases during early operations. ESA 
lassi�
ation.Retrieved from http://en.wikipedia.org/wiki/Te
hnology_readiness_level on May 29, 2013.



1 Introdu
tion 5spe
tral density of dete
tion noise, temperature dependen
e and dynami
 range aregiven. Chapter 6 summarizes the work a

omplished and the results a
hieved withinthis thesis and gives an outlook on up
oming development and evaluation steps.



2 Measurement Prin
ipleThis 
hapter gives an overview of the CDSM measurement prin
iple, dis
usses theresulting magneti
 �eld dependent resonan
e features and the method used to 
om-pensate possible systemati
 errors.In 1992, S
ully and Fleis
hhauer showed theoreti
ally that CPT resonan
es 
ouldbe applied as a sensitive magnetometer devi
e [20℄ [21℄. The �rst experimental re-alization of a single CPT dark state magnetometer was reported in 1998 [13℄. Eventhough a variety of potential appli
ations on ground and in spa
e are given for amagnetometer based on the CPT e�e
t [22℄ [13℄ [12℄ [23℄ [24℄ [25℄, there are still non-trivial problems of systemati
 measurement errors whi
h signi�
antly degrade theperforman
e of a single Dark State Magnetometer (DSM).In the presen
e of magneti
 �elds several CPT resonan
es in the form of a spe
trumarise [12℄ [16℄. Ideally, the frequen
y di�eren
e of ea
h 
omponent of this spe
trum 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 nu
lear spin, h to the Plan
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Figure 2.1: D1 spe
tral line ex
itation s
heme within the hyper�ne stru
ture of 87Rb.



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

, gJand gI to the Landé g-fa
tors, ∆m to the di�eren
e of mF1
and mF2

and B to themagneti
 �ux density.Figure 2.1 shows the D1 ex
itation s
heme within the hyper�ne stru
ture 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 ex
ited states the labels are primed. The va
uum-wavelength λFS 
orrespondsto the �ne stru
ture transition 52S1/2→52P1/2. The hyper�ne ground state splittingfrequen
y is denoted by νHFS. Ea
h pair of arrows builds up a so 
alled Λ-systemwhi
h 
auses a magneti
 �eld dependent CPT resonan
e. The energy shift introdu
edby the magneti
 �eld is expressed by νB . A

ording to the sele
tion 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) whi
h introdu
es temperature andpressure dependent frequen
y shifts [8℄ [17℄ of the hyper�ne ground state splittingfrequen
y νHFS (see Figure 2.1). In the 
ase of a single CPT resonan
e this 
an-not be distinguished from magneti
 �eld 
hanges [8℄. Therefore, the temperature ofthe sensor 
ell must be pre
isely 
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 pre
ision of 10mK in order to keep the sensortemperature dependent drift below 10 pT [23℄.Additionally, the AC Stark e�e
t [27℄ 
auses shifts of the relative position of theground states F=1 and F=2 whi
h are proportional to the applied light intensityand to the strength of the CPT transition [28℄. Therefore, the total frequen
y of CPTresonan
e features in the presen
e 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 frequen
y of the unperturbedele
tri
 dipole forbidden transition 52S1/2, F=1, mF =0↔ 52S1/2, F=2, mF =0 [29℄[27℄.Systemati
 errors are also introdu
ed by the limited long-term frequen
y stability ofthe 
ommer
ial high performan
e mi
rowave os
illators used to generate the 
oherentfrequen
y 
omponents of the laser ex
itation �eld [22℄.



2 Measurement Prin
iple 8The CDSM prin
iple was dis
overed in 2007 [8℄. It simultaneously probes two ormore CPT resonan
es whi
h are almost symmetri
 with respe
t to the ele
tri
 dipoleforbidden transition 52S1/2, F=1, mF =0↔ 52S1/2, F=2, mF =0 (see Figure 2.1).The 
ru
ial idea is to separate the mi
rowave frequen
y νHFS used to bridge theground state hyper�ne splitting and the frequen
y νB (up to several MHz) needed to
ouple and dete
t the Zeeman-shifted CPT resonan
es. Consequently, the systemati
frequen
y shifts introdu
ed by the mi
rowave os
illator, the light shift or the shift dueto bu�er gas pressure and temperature are virtually the same for dete
ted single CPTspe
tral features with respe
t to the ground states F=1,mF =0 and F=2,mF =0 [8℄.These systemati
 errors 
an
el due to the superposition of CPT resonan
es, sin
e inthe CDSM approa
h only the frequen
y di�eren
e of the resonan
es is measured.In this way, the measurement of the magneti
 �eld is redu
ed to a frequen
y mea-surement whi
h 
an be 
onverted to a magneti
 �ux density B by applying the Breit-Rabi formula dis
ussed in Equation 2.1, where only fundamental natural 
onstantsare 
ontained.A

ording to [16℄, derived under the assumption of negligible in�uen
e of opti
alpumping, the relative strength of the CPT resonan
es 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 resonan
e and θ is the angle betweenthe dire
tion of the laser �eld propagation and the magneti
 �eld. Therefore, CPTresonan
es with even-numbered indi
es n rea
h their maxima at magneti
 �eld dire
-tions longitudinal with respe
t to the light �eld propagation dire
tion in the sensorand s
ale in their relative strength with 
os2(θ) while resonan
es with odd-numberedindi
es have peaks at the transverse magneti
 �eld dire
tion and s
ale with sin2(θ).This was demonstrated for CPT resonan
e superpositions with 87Rb atoms in [30℄.In Figure 2.2, the Zeeman frequen
y sweeps extra
ted from [30℄ show the absorption(red, dashed) and dispersion (blue, solid) signals of three CPT resonan
e superposi-tions (n=±1, ±2, ±3) obtained by frequen
y modulation spe
tros
opy methods (seeSe
tion 3.1) at di�erent angles of the magneti
 �eld with respe
t to the light �eld prop-agation dire
tion in the sensor (0◦ to 90◦). The applied �eld is approximately 6500 nTwhile the Zeeman-shifting fa
tors [15℄ [23℄ of the magneti
 �eld dependent resonan
esare approximately 7, 14 and 21Hz/nT, respe
tively. Here, the opti
al pumping ofthe CPT resonan
es is not entirely negligible and 
auses a deviation in the predi
tedresonan
e amplitudes 
ompared with the model developed in [16℄. However, for ev-ery angle at least one of the three CPT resonan
e superpositions n=±1, ±2, ±3
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Figure 2.2: Dependen
e of the CPT resonan
e superpositions on the angle θ [30℄.is always dete
table and, by a proper sele
tion, omni-dire
tional measurements arepossible without the need of a 
omplex sensor design, for example additional movingparts or ex
itation 
oils at the sensor [30℄.The Zeeman-shifting fa
tors listed in Table 2.1 are determined by 
al
ulation. The



2 Measurement Prin
iple 10Table 2.1: Zeeman-shifting fa
tors determined by 
al
ulation.CPT resonan
e superposition index n Zeeman-shifting fa
tor(Hz/nT)
±1a 6.9958
±1b 7.0237
±2 14.0195
±3 21.0154thus far de�ned resonan
e superposition n=±1 is a
tually a simpli�ed model for theoverlay of four Λ-systems. However, the Zeeman-shifting fa
tors are pairwise di�erentfor the Λ-systems whi
h is a 
onsequen
e of di�erent quantum numbers applied inthe Breit-Rabi formula in Equation 2.1. This results in two resonan
e superpositionsn=±1a and n=±1b whi
h overlap for small �elds (< 5000 nT whi
h 
orresponds toa frequen
y separation of approximately 35000Hz) [31℄. A heading error is possiblesin
e 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 o

urs sin
e theinstrument is lo
ked to one of both.In pra
ti
e, the resonan
e superposition n=±3 is preferred over n=±1a or n=±1b.This derive from the fa
t that there is no heading error for n=±3 even for small�elds. Additionally, the higher Zeeman-shifting fa
tor leads to a lower magneti
 �eldstrength dete
tion noise.



3 Dete
tion Te
hniquesFrequen
y Modulation (FM) spe
tros
opy is introdu
ed in Se
tion 3.1 whi
h is ate
hnique for the dete
tion of the CPT resonan
e features. Se
tion 3.2 dis
usses theprin
iple and the 
hara
teristi
s of Dire
t Digital Synthesis (DDS) whi
h is a methodto generate periodi
 signals and pre
isely 
ontrol the frequen
y and phase. It is e.g.used to generate the signal with the magneti
 �eld dependent frequen
y informationfB.3.1 Frequen
y Modulation Spe
tros
opyIn 1983, Bjorklund, Levenson, Lenth and Ortiz introdu
ed FM spe
tros
opy whi
h isa method 
apable of sensitive and rapid measurement of narrow and weak spe
tralfeatures [32℄, e.g. CPT resonan
es [22℄. The basi
 setup is shown in Figure 3.1. Toenable FM spe
tros
opy, the laser 
arrier signal
E0(t) = E0cos(ω0t) (3.1)with the amplitude E0 and the angular frequen
y ω0 is frequen
y modulated witha sinusoidal signal with the frequen
y ωref .Theoreti
ally, the FM 
reates an in�nite set of dis
rete frequen
y sidebands atfrequen
ies ω0 ± nωref (n = 1, 2, ...) symmetri
 to the 
arrier [33℄. For M ≈ 1, thefrequen
y 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: Blo
k diagram to enable frequen
y modulation spe
tros
opy.
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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 frequen
y deviation ∆ω isde�ned as maximum deviation of the instantaneous frequen
y to the 
arrier frequen
yand depends on the amplitude of the modulation signal. A

ording to Equation 3.2,the amplitudes of the 
arrier and the n-th order sidebands are given by n-th orderBessel fun
tions 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 appli
able.In 
onsequen
e, the ele
tri
 �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 indi
es −1, 0, +1 
orre-spond to the lower sideband, the 
arrier and the upper sideband, respe
tively.Based on Beer's law, the intera
tion of the multi-
hromati
 light �eld with rubidiumatoms in a glass 
ell 
an be des
ribed by a frequen
y-dependent transfer fun
tion T(ω)for the E-�eld amplitude
T (ω) = e−δ(ω)−iφ(ω) (3.4)where the attenuation fa
tor δ(ω) is related to the frequen
y dependent absorption
oe�
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 refra
tive 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 theintera
tion 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)
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hniques 13The ele
tri
 �eld E2 is dete
ted e.g. by a photodiode whi
h is sensitive to theintensity of the light �eld beam1 with
I =

c|E2|2
8π

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

2nn!M
n and be
ause 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 re
eived 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 lo
k-in ampli�er. The modulation signal with the frequen
y ωref is additionallyprovided to the lo
k-in ampli�er as referen
e signal to enable a 
oherent demodulationof the voltage dete
ted 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 lo
k-in ampli-�er is the result of the demodulation of the input voltage with the un
hanged referen
esignal, while for the quadrature-phase signal, or sine 
omponent, the input is mixedwith a 90 ◦ phase-shifted version of the referen
e signal. A

ording to Equation 3.9,the 
osine 
omponent 
an be interpreted as the di�eren
e between the absorption ofthe light in the medium (here the 87Rb-�lled glass 
ell) whi
h is experien
ed by both�rst order sidebands. The sine 
omponent is proportional to the di�eren
e of thephase shifts relative to the phase of the modulation signal ωref whi
h is experien
edby the 
arrier to the average of the phase shifts of the two sidebands [32℄.The attenuation fa
tor δ(ω) in Equation 3.5 and the refra
tive index n(ω) in Equa-tion 3.6 are a measure for the intera
tion 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 lo
k-in ampli�er are re
orded for a sweep of the
arrier frequen
y ω0 of the FM over the resonan
e feature (see Figure 3.2 and Fig-ure 3.3). The intera
tion unbalan
es 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 3.2: Spe
tra for frequen
ies ωref larger than the probed resonan
e linewidth δω.tion frequen
y ωref with the amplitude depending on the absorption δ(ω), the phaseshift φ(ω)∼ n(ω) of the 
arrier and the sidebands.Two di�erent 
ases are applied for the CDSM instrument. In Figure 3.2 the modu-lation frequen
y ωref is larger than the linewidth of the CPT resonan
e and, therefore,it is probed mostly by a single sideband. During a sweep of the FM light �eld spe
-trum over the resonan
e, �rst the upper sideband, then the 
arrier and �nally thelower sideband are intera
ting with the resonan
e feature individually. Far from res-onan
e, the two sidebands and the 
arrier experien
e the same absorption and phaseshift. Hen
e, the resulting in-phase and quadrature-phase signals of the lo
k-in am-pli�er are zero. When the upper sideband 
omes to resonan
e, it is absorbed andphase shifted while the 
arrier and the lower sideband are not in�uen
ed. The shapeof in-phase signal over the spe
trum reprodu
es the shape of the resonan
e, whilethe quadrature-phase signal is equivalent to its dispersion relative to the average dis-persion far o� the resonan
e. In 
ase of the 
arrier is in resonan
e (ω0 = ωR), thein-phase signal spe
trum remains zero, while the quadrature-phase signal 
ontinuesreprodu
ing the dispersion of the resonan
e. This is due to the fa
t that the ab-sorption, and 
onsequently the in-phase signal, is a fun
tion of the di�eren
e of theupper and lower sidebands. Both are symmetri
 and 
an
el ea
h other for ω0 = ωR.



3 Dete
tion Te
hniques 15
δ (
ω

) 
[a

rb
. 
u
n
it]

In
-p

h
a
se

[a
rb

. 
u
n
it]

Probe laser

ω

ω

ω

ωR

ωR ω0 -ωref

ω0 + ωref

δ+1

ϕ (
ω

) 
[a

rb
. 
u
n
it]

Q
u
a
d
ra

tu
re

-p
h
a
se

[a
rb

. 
u
ni

t]

δω

ω

ω

ω

ωR

ωR

Frequency [arb. unit]

ωR

Frequency [arb. unit]

ωR

ω0

δω

Probe laser

ω0 -ωref

ω0 +ωref

ω0

Figure 3.3: Spe
tra for frequen
ies ωref smaller than the probed resonan
e linewidth δω.The in-phase signal of the lower sideband in resonan
e points in opposite dire
tion
ompared to the upper sideband due to the phase shift of 180 ◦.In Figure 3.3 the modulation frequen
y ωref is smaller than the linewidth of theresonan
e and both sidebands experien
e absorption and phase shifts at the sametime. Assuming again a sweep of the FM light �eld spe
trum over the resonan
e, theupper sideband is more absorbed than the lower sideband when the 
arrier frequen
yis smaller than the resonan
e frequen
y. The di�eren
e of the sideband amplitudesdetermines the amplitude of the in-phase signal. When the 
arrier is in exa
t reso-nan
e with the spe
tral feature (ω0 = ωR), both sidebands are absorbed equally whi
hresults in an in-phase signal of zero. When the frequen
y of the 
arrier is larger thanthe one of the resonan
e, the upper sideband is less absorbed than the lower sideband.The di�eren
e of sideband amplitudes results in an in-phase signal with inverse sign.Consequently, the overall in-phase spe
trum is proportional to the �rst derivative ofthe absorption. The quadrature-phase signal is related to the se
ond derivative ofthe dispersion. For small modulation frequen
ies 
ompared to the linewidth of thespe
tral feature, the amplitude of the quadrature-phase signal is mu
h smaller thanthe in-phase signal and it 
an be ignored in most 
ases.
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Figure 3.4: Signal �ow of the dire
t digital synthesizer.3.2 Dire
t Digital SynthesisIn 1971, Tierney, Rader and Gold introdu
ed the DDS te
hnique for using digitaldata pro
essing blo
ks to generate frequen
y- and phase-tuneable periodi
 outputsignals referen
ed to a �xed-frequen
y pre
ision 
lo
k [34℄.The main 
hara
teristi
s are improved phase noise 
ompared to the analogue os-
illator solutions as well as instant and phase-
ontinuous swit
hing and arbitrarily2small tuning resolution of the output frequen
y. No manual analogue system tuningis required and, in prin
iple, aging is limited to a single 
omponent, the referen
eos
illator [35℄.The implementation of a DDS 
an be divided into two main parts as shown inFigure 3.4. The dis
rete-time phase a

umulator generates the phase informationwhile the phase-to-amplitude 
onverter, for instan
e a Look-Up Table (LUT), outputsthe desired signal word whi
h is 
onverted by a Digital-to-Analogue Converter (DAC)into a sinusoidal signal. The ar
hite
ture relies on integer arithmeti
. The width ofthe a

umulator is Nbit and, therefore, the maximum phase 2π is represented by theinteger number 2N . With every 
lo
k sample, the phase in
reases by the tuning wordM. It takes T0 samples to rea
h the maximum phase and, hen
e, a full period. The
orresponding frequen
y is given by
f0 =

fs
2N

M (3.10)2The resolution depends on the width N of the phase a

umulator 
al
ulated in Equation 3.12.
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hniques 17where fs is the sampling frequen
y of the a

umulator. Derived from Equation 3.10the minimum possible output frequen
y f0min, whi
h is equivalent to the smallesttuning step in frequen
y ∆f, that the DDS 
an a
hieve:
f0min = ∆f =

fs
2N

. (3.11)With Equation 3.10 one 
an also determine the number of bits N of the phasea

umulator in order to a
hieve a desired frequen
y resolution
N =

⌊

log2
fs
∆f

+ 0.5
⌋

. (3.12)Theoreti
ally, the maximum frequen
y of a DDS is given by the Nyquist-Shannonuniform sampling theorem
f0max =

fs
2
. (3.13)From a pra
ti
al point of view a lower f0max is often preferred, for instan
e 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�e
ts of the image responsesin the output spe
trum.Periodi
 phase errors are introdu
ed by trun
ating the Nbit phase information ofthe a

umulator 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 trun
ation results in amplitude errors during the phase-to-amplitude 
onversionpro
ess and produ
es unwanted spe
tral 
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 de
ibels. A detailed dis
ussionon the exa
t formulas in
luding the frequen
ies 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 fun
tion for 0≤ φ ≤ π/2 anduse symmetry to get the 
omplete 2π waveform range. This approa
h only uses 2P−2entries in the LUT, leading to a 
ompression ratio of 8:1 [36℄. The full sine wave 
anbe re
onstru
ted at the expense of some hardware [40℄, [41℄ and [42℄.
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ale 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 performan
e of theDDS, as the output spe
trum 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 trun
ation.Additional spurs arise due to the imperfe
tness of the DAC. The non-linearity ofa DAC leads to harmoni
 distortions. The result is harmoni
ally related spurs inthe output spe
trum. The amplitude of the spurs is not readily predi
table as it isa fun
tion of the DAC linearity. However, the lo
ation of su
h spurs is predi
table,sin
e they are harmoni
ally related to the output frequen
y f0 of the DDS [35℄. Fur-thermore, swit
hing transients arise within the internal physi
al ar
hite
ture of theDAC and 
an 
ause ringing on rising and/or falling edges of the DAC output wave-form. Non-symmetri
al swit
hing 
hara
teristi
s su
h as unequal rise and fall timeswill also 
ontribute to harmoni
 distortion. The amount of distortion is determinedby the e�e
tive AC or dynami
 transfer fun
tion [35℄.In general, the wideband spurious performan
e of a DDS system depends on thequality of both the DAC and the ar
hite
ture of the phase trun
ation of the DDS
ore. Narrowband spurious performan
e depends mostly on the purity of the DDSsystem 
lo
k generated by an external referen
e os
illator [35℄.The spe
tral 
hara
teristi
s of the referen
e 
lo
k dire
tly impa
t those of the out-put. Timing jitter is 
aused by 
oupling noise and thermal noise whi
h is the ulti-mately limiting fa
tor for redu
ing timing jitter. Coupled noise 
an be in the formof lo
ally 
oupled noise 
aused by 
rosstalk or ground loops. Sinusoidal jitter in thereferen
e 
lo
k 
auses modulation sidebands to appear in the spe
trum. The spe
tralline is un
hanged. Random jitter results in an in
rease of the noise �oor level and
ause broadening of the fundamental whi
h is known as phase noise [35℄. Due to theDDS prin
iple, the output phase noise is redu
ed by 20 log(R), expressed in de
ibels,where R is the ratio of the input to the output frequen
y [43℄.



4 Control Unit Design and EvaluationThe CDSM prototype is equivalent to the Engineering Model (EM) design for theChinese s
ienti�
 low Earth orbit EMS mission (see Chapter 1 and Table 1.2). Theblo
k diagram and a pi
ture of the instrument are shown in Figure 4.1 and Figure 4.2.It 
onsists of the mixed signal ele
troni
s board (a) with mi
rowave 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 4.1: Blo
k diagram of instrument design.
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Figure 4.2: Pi
ture 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 se
tion of the sensor unit with pi
tures of theimplemented 
omponents is shown in Figure 1.1.The prototype is jointly developed by the IWF, Austrian A
ademy of S
ien
es andthe IEP, Graz University of Te
hnology. The IWF is responsible for the 
ontrol unitwhi
h is part of the mixed signal board and the overall proje
t management. Theliability of the IEP 
overs the mi
rowave unit of the mixed signal board, the laserunit, the sensor unit with heating 
oils and the sensor harness.The design in
ludes �ve 
ontrol loops whi
h are developed to tra
k the magneti
�eld dependent Zeeman resonan
es (Se
tion 4.1), to stabilize the laser frequen
y tothe �ne stru
ture transition frequen
y 52S1/2 → 52P1/2 (Se
tion 4.2), to tra
k thehyper�ne stru
ture transition 52S1/2, F=1, mF =0↔ 52S1/2, F=2, mF =0 with themi
rowave generator (Se
tion 4.3) and to adjust the temperature of the rubidiumatoms in the sensor 
ell (Se
tion 4.4).



4 Control Unit Design and Evaluation 214.1 Control Loop to Tra
k Zeeman Resonan
esThe Zeeman 
ontrol loop is established in order to tra
k the magneti
 �eld dependentCPT resonan
e superpositions n=±1, ±2 or ±3 by the variable DDS generatedfrequen
y fB whi
h is a dire
t measure of the magneti
 �ux density B. In Se
tion 4.1.1,a general overview on the 
ontrol loop design is given. Se
tion 4.1.2 to Se
tion 4.1.7dis
uss sele
ted fun
tional blo
ks in detail.4.1.1 OverviewThe 
oupled dark state magnetometer ex
ites two or more magneti
 �eld dependentCPT resonan
es in parallel to determine the surrounding magneti
 �eld [8℄. To ful�lthe 
riteria of CPT resonan
e ex
itation [12℄ [22℄ [11℄ and for simpli
ity, this is es-tablished by a double modulated light �eld [15℄. A third modulation is required toenable the dete
tion with frequen
y modulation spe
tros
opy te
hniques [8℄ [32℄.The Verti
al-Cavity Surfa
e-Emitting Laser (VCSEL) diode (va
uum-wavelength
λV CSEL = λFS = 794.979 nm) is frequen
y modulated by a mi
rowave signal (fMW =
1
2 νHFS = 3.417GHz). Both �rst-order sidebands of this FM spe
trum �t the hyper-�ne stru
ture 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. A

ording to the Zeeman e�e
t [31℄, the energylevels with the magneti
 quantum numbers mF =−2, −1, +1, +2 are dependent onthe magneti
 �eld. In Figure 2.1 this is indi
ated by the shifted bla
k lines while greylines mean zero magneti
 �eld. In order to establish permanent CPT resonan
es inpresen
e of a magneti
 �eld, the mi
rowave frequen
y fMW is used as 
arrier for aPhase Modulation (PM) whose sidebands �t and ex
ite the magneti
 �eld dependentenergy levels.The modulation frequen
y fB of this PM is limited to 2.1MHz by the 
urrent de-sign whi
h 
orresponds to a dete
table magneti
 �ux density B of approx. 300µTfor n=±1, 150µT for n=±2 and 100µT for n=±3 via the 
orresponding Zeeman-shifting fa
tors of approx. 7, 14 and 21Hz/nT (see Table 2.1). It is generated inthe Field Programmable Gate Array (FPGA)1 using the DDS te
hnique (see Se
-1The radiation-tolerant A
tel RT ProASIC RT3PE3000L target devi
e is mounted in a hermeti
ally-sealed 
erami
 pa
kage but is export restri
ted. The 
ommer
ial A
tel ProASIC A3PE3000L hasthe same sili
on design and the same 0.13 µm pro
ess at United Mi
roele
troni
s Corporation(UMC) as its radiation-tolerant equivalent. The ProASIC3 devi
es have been extensively testedfor a variety of radiation e�e
ts and are expe
ted to �t the low radiation environment in the EMSmission. Information retrieved from http://www.a
tel.
om/produ
ts/milaero/rtpa3/default.aspxon May 29, 2013.
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y 
omponent fB is 
arrier for an additional third modulationof the light �eld with the modulation frequen
y fref1 whi
h enables FM spe
tros
opy.The digital FM output of the DDS is transformed to the analogue domain with aparallel DAC and is fed as modulation signal to the mi
rowave generator in order toestablish the PM. The implementation of the DAC is dis
ussed in Se
tion 4.1.3.In the bias-T (see Figure 4.1) the modulated mi
rowave signal is superposed withthe signal of the 
urrent sour
e whi
h for now is assumed to be 
onstant. The outputis fed to the VCSEL diode as inje
tion 
urrent in whi
h the DC-AC superpositionis transformed to the �rst FM via the displa
ement 
oe�
ient of the diode (seeSe
tion 4.2).The result is an overall triple modulated light �eld spe
trum whose spe
tral 
om-ponents �t to the appropriate transitions as indi
ated by either the blue, red or greenarrows in Figure 2.1. In this way a permanent ex
itation of one of the magneti
 �elddependent CPT resonan
e superpositions n=±1, ±2 or ±3 is a
hieved. The lightis guided through a gradient index �bre to the sensor unit where a polarizer and aquarter-wave plate assure a 
ir
ular polarized ex
itation �eld.The CPT resonan
es are a
ting as frequen
y dis
riminator in the rubidium-�lledglass 
ell and 
onvert the DDS generated FM (fref1) of the multi-
hromati
 light �eldspe
trum into an amplitude modulation of the transmitted laser intensity [8℄ [12℄.Further dis
ussion on the intera
tion pro
ess is 
arried out in Se
tion 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), that
arries the rubidium-interfered information of the ex
ited CPT resonan
es, to anequivalent photo
urrent. A pre-ampli�er 
onverts the AC 
omponent of the 
urrentinto a voltage signal, whi
h is fed to the digital lo
k-in ampli�er via an Analogue-to-Digital Converter (ADC). Options for the implementation of the required 
ir
uit aredis
ussed in Se
tion 4.1.4.The third modulation with fref1 in 
ombination with the lo
k-in ampli�er enablesthe appli
ation of FM spe
tros
opy te
hniques 
apable of sensitive and rapid mea-surement of the narrow and weak spe
tral features [32℄. The prin
iple and the imple-mentation of the lo
k-in ampli�er are dis
ussed in Se
tion 4.1.5. Sin
e the modulationfrequen
y fref1 is larger than the linewidth of CPT resonan
es (typi
ally δf < 2 kHz),the spe
tral feature is probed by a single sideband (see Figure 3.2 and [32℄). Witha modulation index M≈ 1, the in-phase output of the lo
k-in ampli�er 
an be inter-preted as absorption signal and the quadrature-phase output as dispersion signal ofthe CPT resonan
es ex
ited in the rubidium atoms.Due to the narrow spe
tral linewidth, whi
h is a 
onsequen
e of the stri
t physi
al
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Figure 4.3: Demonstration of the CPT resonan
e superposition swit
hing.
onstrains of the CPT me
hanism, the slope at zero 
rossing of the quadrature-phasesignal is steep (see Figure 2.2). The point of zero 
rossing 
orresponds to the exa
tex
itation 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 frequen
y fBof the DDS signal while the laser 
arrier wavelength λLaser and the mi
rowave fre-quen
y 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 tra
k 
hanges ofthe magneti
 �eld indu
ed Zeeman energy levels by adapting the DDS frequen
y fB(see Figure 4.20). The system identi�
ation and the 
ontroller design are dis
ussedin Se
tion 4.1.6. The a
tuating variable of this 
ontroller 
orresponds to fB of theDDS signal and is, therefore, in dire
t relation to the magneti
 �eld des
ribed by anappropriate form of the Breit-Rabi formula depi
ted in Equation 2.1.The 
ontroller operates permanently at frequen
y values whi
h are related to theresonan
e superposition n=±2 via the Zeeman-shifting fa
tor of approximately 14Hz/nT.In 
ase of 
hanging the magneti
 �eld dete
tion from n=±2 to the resonan
e super-
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ontrol loop does not need to be unlo
ked in orderto sear
h and follow the related zero 
rossings. The 
ontroller just s
ales the a
tu-ating variable fB by the fa
tors 0.5 for n=±1 or 1.5 for n=±3 whi
h 
orrespondswith su�
ient a

ura
y to the Zeeman-shifting fa
tors of approximately 7Hz/nT and21Hz/nT, respe
tively (see Table 2.1). The approa
h of res
aling the output fre-quen
y fB in 
ase of a resonan
e 
hange enables a quasi-
ontinuous operation of theZeeman 
ontrol loop in all dire
tions of the magneti
 �eld and is the basis for thete
hni
al realization of a 
ontinuously working omni-dire
tional magnetometer. Ademonstration of this approa
h is shown in Figure 4.3. In this measurement [30℄,a magneti
 �eld (sinusoidal, 300 nTpp, 0.1Hz and additional DC ba
kground �eld,6520 nT) with the angle of θ = 45◦ in relation to propagation dire
tion of the laserlight �eld was applied. Hen
e, all three CPT resonan
e superpositions are observable(see Figure 2.2). The swit
hing between the superposed CPT resonan
es n=± 1 andn=± 2 was manually triggered every 4 se
onds. The measured Zeeman frequen
yvalues (green 
urves) have been 
orre
ted by the 
orresponding Zeeman-shifting fa
-tors of approximately 7 and 14Hz/nT, respe
tively, in order to get the magneti
 �eldvalues (blue 
urves). Even in the lower detailed plot, no 
orrelation 
an be observedbetween the swit
hing pro
ess and the magneti
 �eld data.In s
ienti�
 spa
e missions an absolute s
alar magnetometer is always operatedin 
ombination with ve
tor magnetometers. These measurements 
an be used to
al
ulate the angle between the magneti
 �eld and the opti
al axis of the sensor as wellas the magnitude of the magneti
 �eld by applying e.g. COordinate Rotation DIgitalComputer (CORDIC) algorithms [44℄ as dis
ussed in Se
tion 4.1.7. The instrument
ontroller 
an use this information to determine the suitable resonan
e superpositionand to rapidly �nd the CPT resonan
es at start-up.Both fun
tions 
an also be a
hieved without an additional ve
tor magnetometer.The resonan
es 
an be found in a s
anning mode but this approa
h takes more time.For the independent swit
hing between the CPT resonan
e superpositions during anongoing measurement, the superposed sidebands of the resonan
es are tra
ked. Thezero 
rossings in the dispersion signal of the sidebands 
arry the same information ofthe magneti
 �eld as the a
tual CPT resonan
es. The 
orresponding frequen
y val-ues are solely shifted from the a
tual Zeeman frequen
y by the modulation frequen
yused for the frequen
y modulation spe
tros
opy (fref1). The advantage of using thesidebands 
an be seen for instan
e at the CPT resonan
e 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 a
tual CPT resonan
esuperposition zero 
rossings are zero as well. The amplitude of the absorption peaks
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Figure 4.4: DDS blo
k diagram to generate a frequen
y modulated signal.of the sidebands are a measure for the angle θ and 
an be used in order to automat-i
ally swit
h between the superposed CPT resonan
es lines using a threshold-basedalgorithm [30℄.4.1.2 Synthesis of the Zeeman Frequen
y fBThe signal with the magneti
 �eld dependent frequen
y fB is generated in the FPGAusing the DDS te
hnique. Figure 4.4 shows a blo
k diagram of the DDS implemen-tation.The frequen
y fB is related to the magneti
 �ux density B via Breit-Rabi equation(see Equation 2.1) and the derived Zeeman-shifting fa
tors of approximately 7, 14 and21Hz/nT 
orrespond to the resonan
e superpositions n=±1, ±2 and±3, respe
tively.A

ording to Table 1.2, the instrument should be able to measure magneti
 �uxdensities up to 100µT in all dire
tions of the magneti
 �eld. To ful�l the requirementand to enable further investigation of the measurement prin
iple, this is realized forall three CPT resonan
e superpositions. For the superposition n=±3, a magneti
�ux density of 100µT is equivalent to a frequen
y fB of approx. 2.1MHz. With there
ommendations for the maximum DDS output frequen
y dis
ussed in Se
tion 3.2,a sampling frequen
y fs of 10MHz has been sele
ted.For the EMS mission, as stated in Table 1.2, the resolution of the magneti
 �uxdensity measurement ∆fB should be 12 pT in all dire
tions of the magneti
 �eld. Inorder to enable further investigation, the resolution is set to 0.1 pT and is realizedfor all three CPT resonan
e superpositions. For n=±1, a resolution of 0.1 pT is
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y resolution of 0.7mHz. Derived from Equation 3.12, a widthof the phase a

umulator 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 Se
tion 4.1.3) and a

ording 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 trun
ation of the DDS. With sine wave 
ompression based on symmetryas dis
ussed in Se
tion 3.2 only values of the fun
tion f(φ) = sin(φ) for 0 ≤ φ ≤ π/2need to be implemented in the FPGA. This redu
es the size of the LUT by a fa
tor8 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 
onstantfrequen
y. However, a modulation signal with the frequen
y fref1 is added and intro-du
es an additional FM. The sinusoidal modulation signal is generated in the lo
k-inampli�er unit (see Se
tion 4.1.5) and enables FM spe
tros
opy. It is normalized and
an be s
aled by D shifts to �t the required deviation frequen
y for a modulationindex M≈ 1.4.1.3 R-2R Digital-to-Analogue ConverterThe FM digital DDS output signal is updated with the sampling frequen
y fs=10MHz. A DAC implementation with serial interfa
e would require a several timeshigher interfa
e 
lo
k and, 
onsequently, FPGA 
lo
k frequen
y fFPGA. For a single
lo
k solution, the 
omplexity of 
ombinatorial logi
 whi
h is pro
essable within one
lo
k 
y
le would be redu
ed signi�
antly. Additionally, a higher 
lo
k rate wouldlead to an in
rease of the power 
onsumption of the FPGA. In 
ontrast, a DAC basedon a parallel interfa
e and 
onversion te
hnique 
an be updated and operated at theDDS sampling frequen
y fs = fFPGA.At the time of instrument design 
ould not be found a spa
e-quali�ed parallel DACwhi
h met the requirements for a sampling frequen
y up to of 10MHz, a moderatepower 
onsumption below 100mW and no export restri
tion. Consequently, the par-allel DAC was implemented as dis
rete R-2R network whi
h is driven dire
tly byFPGA outputs.Figure 4.5 shows the typi
al voltage output stru
ture of an FPGA and its equiv-alent 
ir
uit. Depending on the interfa
e type, one or more e.g. Metal-Oxide-Semi
ondu
tor Field-E�e
t Transistor (MOSFET) totem poles are routed in parallelin order to limit the stru
ture's in�uen
e on the output voltage level. In general,
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Figure 4.5: FPGA output stru
ture and equivalent 
ir
uit.
VDAC

C1

R1

R'

R'

R'

R'

R'

R'

R'

R'

R'

R'

R'

R'

R'

2R

2R

2R

2R

2R

2R

2R

2R

2R

2R

2R

2R

D5 D4 D3 D2 D1 D0

D6 D7 D8 D9 D10 D11

Figure 4.6: S
hemati
 of R-2R DAC network with Q=12 and inverting ampli�er.p-
hannel and n-
hannel MOSFETs have di�erent on-state resistan
es whi
h, for a
onstant output 
urrent, result in unequal output voltage drops for the high and lowstate in relation to VI/O and ground, respe
tively. Consequently, the Rhigh and Rlowresistan
es are di�erent in the equivalent 
ir
uit in Figure 4.5.For the implementation, all FPGA output drivers are part of the same interfa
ebank and are supplied with a 
ommon voltage. The Complementary Metal-Oxide-Semi
ondu
tor (CMOS) 3.3V interfa
e type has been sele
ted due to its well mat
hingmeasured output resistan
es (Rhigh= 8.62Ω± 0.07Ω and Rlow=8.23Ω± 0.05Ω) andthe advantage of a single interfa
e 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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Radjust

2R

2R

R'Figure 4.7: S
hemati
 of R-2R DAC FPGA output 
ompensation.theoreti
al resolution of 2Q. The implementation for a resolution of Q=12 bit isshown in Figure 4.6. For the steady state, the signal-to-interferen
e ratio is stronglyrelated to the di�erential linearity of the DAC and, 
onsequently, to the resistormat
hing. In prin
iple, resistors with a toleran
e better than 1/2Q ensure that thequantization noise dominates spurs 
aused by non-linearities. E.g. for a 12 bit DAC anoverall resistor toleran
e better than 0.024% is required. This is feasible for dis
reteresistors with spa
e 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 in
reases the number of requiredparts, but also enables the use of a single resistor value of a 
ommon produ
tion lotfor all dominating 
omponents of the R-2R network. This approa
h 
an redu
e 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 performan
e is not the limiting fa
tor for this appli-
ation whose main purpose is to generate a sinusoidal signal with a

urate frequen
y.The non-ideal 
hara
teristi
s of the board layout and 
omponents 
an de
rease thesignal-to-interferen
e ratio signi�
antly. Parasiti
 
apa
itors and indu
tan
es, e.g. ofthe 
onne
tions on the Printed Cir
uit Board (PCB), in 
ombination with the R and2R resistors lead to a lowpass 
hara
teristi
 of the network. The swit
hing of quasi-digital FPGA outputs leads to ringing in the analogue output signal. The energy ofthese transients 
an be observed as additional harmoni
s in the frequen
y domain.Figure 4.8 shows the dynami
 performan
e of the DAC implementation. The signal-to-interferen
e ratio was measured with two spe
trum analyzers3 for various outputfrequen
ies and digital output resolutions. Ultimately, the DAC performan
e is lim-ited to 73.3 dB at 210Hz and redu
es to 14.8 dB at 2.1MHz. The programmed digitaloutput resolutions (Qp) of 10 to 12 bit result in identi
al performan
es 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 pre
ision thin �lm 
hip resistors have a lasertrimmed toleran
e down to ±0.01%.3Measured with Hewlett-Pa
kard/Agilent spe
trum analyzers 3562A and 8562A.
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Figure 4.8: Signal-to-interferen
e ratio as a fun
tion of frequen
y and digital resolution.than with 10 to 12 bit. This 
ould origin from a 
oin
identally better mat
hing of theinvolved resistors. The performan
es for Qp=8bit to Qp=1bit de
rease 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-interferen
e ratio inthe Earth �eld (e.g. 50000 nT 
orresponds to approx. fB = 1.05MHz for n=±3).However, Q=12 bit is implemented whi
h enables a more detailed investigation ofthe measurement prin
iple in low �elds.The ampli�er 
ir
uit in Figure 4.6 
onverts and s
ales the output 
urrent of the R-2R network to a voltage. The 
apa
itor C1 in 
ombination with the feedba
k resistorR1 forms a lowpass �lter with the 
orner frequen
y f−3 dB =2.1MHz whi
h is requiredto suppress the e�e
ts of image responses in the output spe
trum of the DAC. Theresulting FM signal with the magneti
 �eld dependent 
arrier frequen
y fB is fed tothe phase modulation input of the phase-lo
k loop 
ir
uit in the mi
rowave generator.4.1.4 Photodiode, Pre-ampli�er and Analogue-to-Digital ConverterThe photodiode 
onverts the light power of the in
oming amplitude modulated light�eld into a proportional 
urrent. Figure 4.9 shows the equivalent 
ir
uit of a photo-diode where IP refers to the photo
urrent, RJ to the shunt resistan
e of the diodejun
tion and CJ to the jun
tion 
apa
itan
e. The bandwidth of the 
onversion ismainly limited due to the parasiti
 
apa
itan
e CJ of the diode and the sele
ted
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CJRJlPlthermallshotFigure 4.9: Equivalent 
ir
uit of a photodiode.
ir
uit design.In this appli
ation only the DC intensity and those spe
tral features whi
h areintrodu
ed for frequen
y modulation spe
tros
opy must be dete
ted. The amplitudevariations 
an be seen as envelope of the overall light �eld intensity whi
h 
arries theinformation of the intera
tion of the laser �eld with the rubidium atoms in the sensor
ell.Two dominating sour
es of noise 
an be identi�ed in a photodiode. Shot noise isrelated to the statisti
al �u
tuation 
aused by the photo
urrent and the dark-
urrent.The photo
urrent origins in the random 
reation of ele
tron hole pairs by the photon�ux while the dark-
urrent is 
aused by a random re
ombination of ele
trons andholes in the semi
ondu
tor. 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 ele
tron 
harge, IP is the photo-generated 
urrent, IDis the dark-
urrent and ∆f is the 
onsidered noise bandwidth. The shunt resistor RJin a photodete
tor 
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 resistan
e ofthe photodiode. The total noise 
urrent in a photodete
tor is given by

Itotal =
√

I2shot + I2thermal . (4.3)In spe
tros
opy, sili
on photodiodes are operated in the photo
ondu
tive mode and
onne
ted to a transimpedan
e 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 thedete
tion 
ir
uit. The output signal voltage is proportional to the transimpedan
e
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C1

12pF

R2

43kΩ

R1

1kΩ

VADC IN Figure 4.10: S
hemati
s of a single stage transimpedan
e ampli�er 
ir
uit.resistan
e for frequen
ies f≪ f−3dB while the noise 
urrent of the photodete
tor isampli�ed by its square root. Consequently, the value of the transimpedan
e resistoris maximized within limits of the output range of the operational ampli�er in orderto improve the signal-to-noise ratio.In pra
ti
e, the 
onne
tion pins and printed wires between the photodiode and theoperational ampli�er span a indu
tion loop. Ele
tro-Magneti
 Interferen
es (EMI)
an 
ouple and 
reate an interferen
e voltage. The low resistan
e of the loop wouldresult in high 
urrent interferen
e whi
h would appear as voltage interferen
es atthe 
ir
uit output. The additional resistor R1 in Figure 4.10 redu
es these interfer-en
es signi�
antly. R1 has no in�uen
e on the photo
urrent sin
e Rj ≥ 1GΩ≫R1.The photodete
tor in Figure 4.10 
an be seen as ideal 
urrent sour
e for frequen
iesf< f−3dB .The parasiti
 jun
tion 
apa
itan
e CJ of the photodiode forms a highpass �lter in
ombination with R2 (see Figure 4.9 and Figure 4.10). The 
apa
itor C1 in 
ombi-nation with the transimpedan
e resistor limits the measurement and the noise band-width of the 
ir
uit and, additionally, damps the typi
al in
rease of noise density ofthe overall 
ir
uit due to this highpass �lter (see Figure 4.13).Amplitude variations are 
aused by the magneti
 �eld dependent information ofthe CPT resonan
es and opti
al noise disturban
es. Both are small 
ompared to thedete
ted 
onstant ba
kground light �eld (e.g. 100 nW rms amplitude of the modulatedtransmitted laser power in relation to 200µW ba
kground power). Consequently, thephoto
urrent is a superposition of a DC and an AC with the same ratio.For a single stage transimpedan
e ampli�er 
on�guration as displayed in Fig-ure 4.10, the value of the feedba
k resistor R2 is limited by the DC ba
kground
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Figure 4.11: S
hemati
s of a two-stage photodiode ampli�
ation 
ir
uit.�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 transimpedan
e islimited to approx. 43 kΩ. With the resulting ampli�
ation fa
tor, the AC 
omponentof 100 nW would lead to an output voltage of approx. 2.5mVrms or 7.1mVpp. In
ase 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 
ir
uit issplit into two subunits (see Figure 4.11).The transimpedan
e of the �rst stage was redimensioned to 100 kΩ whi
h leads toa maximum DC output voltage of 11.6V. Additionally, a se
ond stage ampli�er formsan a
tive bandpass �lter. Consequently, the DC 
omponent and higher frequen
iesare 
an
elled while AC 
omponents whi
h enable the FM spe
tros
opy 
an pass.In this appli
ation, the photodete
tor shot noise 
aused by the 
onstant opti
alba
kground �eld dominates the noise performan
e of the overall 
ir
uit and limitsthe SNR of the AC 
omponent dete
tion. This shot noise is an inherent physi
alpro
ess asso
iated with the irradiated light power and thus not avoidable. An overallnoise of 15.6mVrms was derived by simulation at the output of the se
ond stageampli�er over the Nyquist frequen
y of 156.25 kHz of the ADC. The quantization4The sensitivity value refers to the Hamamatsu S3883 Positive Intrinsi
 Negative (PIN) photodiodewhi
h is ele
tri
ally similar to the target photodiode Mi
ropa
 61082-101.
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VADC IN Figure 4.12: S
hemati
s of a transimpedan
e ampli�er with feedba
k [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-s
ale range results in q = 1.22mV and NADC = 0.35mVrms for frequen
ies upto the Nyquist frequen
y of 156.25 kHz. With the sele
ted se
ond stage ampli�
ationfa
tor of 100, the overall noise Itotal of the photodiode 
ir
uit dominates the overallnoise of the quantized signal5. A further in
rease of the ampli�
ation fa
tor wouldnot improve the signal-to-noise ratio.Investigations in [46℄ showed that the ratio of the DC and AC 
omponents is almost
onstant for a wide range of overall intensities re
eived at the photodiode. Conse-quently, a redu
tion of the overall light intensity would not improve the signal-to-noiseratio of the CPT resonan
es. There is also a bene�t of this fundamental limitation.The requirements on the transimpedan
e 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 interferen
es into a

ount.
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analogue ADC input 0uW
digital ADC output 0uW

Figure 4.13: Noise performan
e of 
ir
uit designs whi
h 
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 transimpedan
e resistan
e isnot limited by the DC 
omponent be
ause an a
tive lowpass �lter feeds it ba
k to theinverting ampli�er input and 
ompensates it. In steady state the output is solely anAC signal whi
h 
an be shifted to half of the ADC full-s
ale voltage in order to �t theADC input range. Theoreti
ally, the signal-to-noise ratio is higher 
ompared to thetwo-stage solution of Figure 4.11. This assumption roots in the unequal ampli�
ationfa
tor for the signal path and the noise path as dis
ussed above. Nevertheless, thiswould require a transimpedan
e resistan
e of 10MΩ whi
h is 
hallenging in termsof pro
urement with spa
e grade. Adverse parasiti
 
apa
itors form additional polesand thus redu
e the bandwidth of the overall 
ir
uit.Figure 4.13 shows the noise analysis of both 
ir
uit designs with two operationalampli�ers in di�erent 
on�gurations. The bla
k and red lines are derived from sim-ulations of the single stage feedba
k 
on�guration in Figure 4.12 and the two stageimplementation shown in Figure 4.11, respe
tively. For all three simulated inputlight intensities 0µW (dotted), 20µW (dashed), 200µW (solid), the two-stage 
on-�guration shows better results whi
h 
an be explained by additional noise whi
h is
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ed by the feedba
k ampli�er. The green and blue lines were measured at thesele
ted and realized two-stage 
ir
uit for 0µW. The green line displays the analogueinput of the ADC measured with a spe
trum analyser6, while the blue is the quantizedversion read by the FPGA. In the range of interest of 1 to 15 kHz, no interferen
esare visible. The measured noise level is lower than the one derived from the worst
ase simulation for 0µW (blue, dotted). The resonan
e at approximately 49 kHz is
aused by the parasiti
 
apa
itan
e CJ of the photodiode.4.1.5 Lo
k-in Ampli�erA lo
k-in ampli�er uses a phase sensitive dete
tion te
hnique in order to single out thespe
tral 
omponent of the input signal at a spe
i�
 referen
e frequen
y and phase [47℄.As dis
ussed in Se
tion 3.1, the rubidium atoms in the glass 
ell are ex
ited byfMW ± fB and additionally probed by frequen
y fref1 whi
h is realized by the FM of theZeeman frequen
y fB (see Se
tion 4.1.2). The lo
k-in ampli�er dete
ts the responseof the ex
ited atoms whi
h is 
ontained in periodi
 variations of the transmitted light(I(t) in Figure 3.1) at the frequen
y fref1 .Figure 4.14 shows the blo
k diagram of the dual-phase lo
k-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 frequen
y re-sponses with noise �oors and dis
rete spe
tral 
omponents are shown.The frequen
y referen
e unit uses the DDS te
hnique as dis
ussed in Se
tion 3.2 inorder to generate a sinusoidal signal
Vref = B · cos(ωref t+ φref ) (4.5)with the frequen
y 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 referen
e period simpli�es the testing of the fun
tional blo
k. With 32 
lo
k
y
les for ea
h analogue-to-digital 
onversion, the possible output frequen
ies arelimited to

fref =
fFPGA

128Nref
with Nref ∈ Z ≥ 1 (4.6)where fFPGA is the 
lo
k of the FPGA. The additional redu
tion of Nref to primenumbers improves the independen
e of multiple frequen
y modulation spe
tros
opy6Measured with Hewlett-Pa
kard/Agilent spe
trum analyzer 3562A.
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Figure 4.14: Blo
k diagram and 
hara
teristi
 signals of the dual-phase lo
k-in ampli�er.pro
esses in parallel within the 
hosen implementation. For the Zeeman 
ontrol loop,the sele
ted Nref = 11 leads to an approximate referen
e frequen
y of fref = 7102Hz.Additionally, a time-delayed version serves as modulation signal for the third mod-ulation of the light �eld spe
trum whi
h is pro
essed in the Zeeman DDS unit (seeSe
tion 4.1.2). The delay of this referen
e signal 
onsiders the overall delayed responseof the experiment.In prin
iple, a lo
k-in ampli�er 
an only pro
ess AC signals. In the simplest way,a DC 
omponent would introdu
e noise due to the dete
tion pro
ess. More likely, it
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z-1

αHP+

+

y[n]x[n]

-

+

z-1Figure 4.15: Blo
k diagram of the highpass �lter implementation.saturates the �xed point arithmeti
s of the subsequent fun
tion units whi
h wouldlead to a degradation of the performan
e or even to a malfun
tion of the overallsystem. Consequently, the input signal of the lo
k-in ampli�er is highpass �ltered.The transfer fun
tion 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-quen
y and fs to the sampling frequen
y of the implementation. The blo
k diagramin Figure 4.15 shows that in total, one adder, one subtra
tor, one register array andone multiplier are required to enable the highpass 
hara
teristi
. The multiplier is re-alized by an additional subtra
tor and a shifter in order to redu
e required resour
es.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)whi
h leads to 
orner frequen
ies 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 referen
e signal Vref (R = 12 bit). This pro
ess 
an be interpreted asphase sensitive dete
tion. The output 
onsists of two AC signals, one at the frequen
ydi�eren
e ωin - ωref and the other at the frequen
y sum ωin + ωref , whi
h 
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 redu
ed 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 referen
e signal Vref and their phasedi�eren
e φ=φin −φref .If φref =φin, the output signal rea
hes its maximum. Consequently, if the phasedi�eren
e φ=φref −φin=±90◦, there is no output at all. This phase dependen
e
an be eliminated by adding a se
ond phase sensitive dete
tor, whose frequen
y ref-eren
e is phase-shifted by 90◦. Analogue to Equations 4.9 and 4.10 the output of theadditional dete
tor 
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 lo
k-in ampli�er provides two signals. The VX or in-phase 
omponent is proportional to the 
osine of φ, while the output VY s
ales withthe sine of φ and represents the quadrature-phase 
omponent.A subsequent 2 fref �lter 
an
els spe
tral 
omponents at f=M2fref · 2 fref withM2fref ∈Z≥ 2. It is implemented as Finite Impulse Response (FIR)7 moving average�lter with N2fref stages whi
h is de�ned by

N2fref
= 2Nref . (4.13)The transfer fun
tion 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) whi
h leads to �rst not
h frequen
ies 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 frequen
y not
h at approx. f = 2 fref =14205Hz.In a typi
al lo
k-in ampli�er appli
ation, the output is �ltered by an additionaldigital lowpass [47℄. The phase sensitive dete
tor in 
ombination with this �lterdete
ts only signals whose frequen
ies are very 
lose to the referen
e frequen
y fref .Noise frequen
ies far from the referen
e are attenuated by the lowpass �lter. Theattenuation depends on the lowpass �lter bandwidth and roll-o�. A narrow bandwidthremoves noise sour
es very 
lose to the referen
e frequen
y while a wider bandwidthallows these signals to pass. Only signals at the referen
e frequen
y 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 lo
k-in ampli�er is used in this typi
al implementation in orderto obtain in-phase and quadrature-phase output signals for sweeps of e.g. the Zeemanfrequen
y over the CPT resonan
e features. The transfer fun
tion 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-quen
y and fs to the sampling frequen
y of the implementation. The blo
k 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 redu
e the required resour
es. 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) whi
h leads to 
orner frequen
ies betweenapproximately 0.1Hz and 195Hz (see Figure 4.19).
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Figure 4.18: Blo
k 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 dis
ussed in Se
tion 4.1.6 a
ts as lowpass �l-ter and no additional lowpass �lter as dis
ussed above is required. Therefore, theoutput of the 2 fref �lter is dire
tly provided to the 
ontroller fun
tional blo
k (seeFigure 4.14).
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Figure 4.20: Blo
k diagram of the Zeeman 
ontrol loop.4.1.6 ControllerFigure 4.20 shows the blo
k diagram of the 
ontrol loop stru
ture, 
ontrol theoryrelevant parameters and their physi
al equivalents. Changes of the external magneti
�eld are dete
ted by the ex
ited rubidium atoms inside the glass 
ell and 
an beinterpreted as a disturban
e signal of the 
losed 
ontrol loop. The set point is �xed tozero in order to tra
k the zero passage of the quadrature-phase of the lo
k-in ampli�erand, 
onsequently, the dispersion signal of the CPT resonan
e (see Figure 3.2). TheZeeman DDS output frequen
y fB is the a
tuating variable and is a dire
t measureof the magneti
 �ux density via the Breit-Rabi formula (see Equation 2.1).For a standard lo
k-in ampli�er implementation, the transfer fun
tion 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 feedba
k signal, u′s(z) to the disturbed a
tuating variable,P2fref
to the transfer fun
tion of the 2fref �lter and PLP to the transfer fun
tion ofthe lowpass �lter of the lo
k-in ampli�er (see Se
tion 4.1.5). For most appli
ations,

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

Ps(z) =
ys(z)

u′s(z)
= PLP (z) . (4.17)Sin
e 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 frequen
y responseof the overall 
ontrol loop. Otherwise, the lowpass �lter PLP and the integrator of
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Figure 4.21: Blo
k diagram of the Zeeman 
ontroller.the 
ontroller CI would form a se
ond-order frequen
y response and would push theloop dynami
s towards the limit of the stability region [33℄.For the redu
ed lo
k-in ampli�er implementation as dis
ussed in Se
tion 4.1.5, thetransfer fun
tion 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. Sin
e τT ≈ τLP ≪ τ2fref

, the
ontrol 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 frequen
y modulationspe
tros
opy and, 
onsequently, the noise bandwidth of the measurement, whi
h ina typi
al appli
ation is de�ned by the lowpass �lter of the lo
k-in ampli�er, 
an besimply determined by the transfer fun
tion of the 
ontroller.A �rst-order 
hara
teristi
 similar to the lowpass �lter of the standard lo
k-inampli�er implementation in Se
tion 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 frequen
y and τI is the time 
onstant of the integratorand, 
onsequently, of the 
losed 
ontrol loop.The blo
k diagram in Figure 4.21 shows that overall two adder, two register arraysand one multiplier are required for the integrator. The multipli
ation is realized bya shifter in order to redu
e required resour
es. This limits the fa
tor KI to 2NI withNI ∈ Z. The parameter NI 
an be 
ommanded in operation from −24 (blue) to −10(green) whi
h leads to 
orner frequen
ies 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 fa
tor KP 
ompensates the slope of the quadrature-phasesignal 
omponent of the CPT resonan
e at the zero 
rossing and sets the loop gainto one.4.1.7 Pro
essing of Ve
tor Magnetometer DataIn s
ienti�
 spa
e missions, �uxgate magnetometers provide the xf -, yf - and zf -
omponents of the magneti
 �ux density whi
h are orthogonalized and shown inbra
es in Figure 4.23. In a spheri
al 
oordinate system with identi
al referen
e point,the radial distan
e 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 spheri
al 
oordinates to gain information about the angle

Θ and the magnitude B in order to ensure the CDSM operation in all dire
tions of the
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Figure 4.23: Transformation of Cartesian to the spheri
al 
oordinate system.magneti
 �eld and to rapidly �nd the CPT resonan
es at start-up (see Se
tion 4.1.1).The typi
al Full Width of Half Maximum (FWHM) linewidth of CPT resonan
esuperpositions in the 
urrent setup is approximately 2 kHz whi
h is equivalent to95 nT for n = ±3. For a reliable operation of the CDSM, the magnitude of themagneti
 �ux density 
al
ulated 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 a
tual magneti
 �eld and xe , ye and ze to error
omponents. 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)whi
h 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 ea
h inorder to ensure a 
orre
t dete
tion of the CPT resonan
es.Spheri
al 
oordinates of the �uxgate data 
an be 
al
ulated by a two-stage trans-formation. Ea
h 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 fun
tions with digital signal pro
essing.Typi
ally, the xf - and yf - axes are de�ned in the sensor mounting plane. For theCDSM sensor unit, the z-axis has been sele
ted as the laser propagation dire
tion.In order to �t the Cartesian 
oordinates system to the 
ommon nomen
lature ofspheri
al 
oordinate systems the 
oordinates are transferred by






x

y

z






=







0 0 −1

0 1 0

1 0 0













xf
yf
zf






(4.25)into a se
ond Cartesian 
oordinate system denoted by x, y, and z in Figure 4.23.In a �rst CORDIC pro
ess the transformed y-axis is rotated into the x-axis (I). Theiterative rotation of a CORDIC ve
tor (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)whi
h 
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 sele
ted to di2−i, with di=±1, the rotation 
an be implementedwithout multipli
ations ex
ept for the fa
tor
cosαi =

1√
1 + 2−2i

(4.28)whi
h is solely a fun
tion 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 de
omposedto
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). Thefa
tor ar
tan 2−i 
an be pre-
al
ulated 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 ve
toring-mode and with the initial values x(0)c = x, y(0)c = y andz(0)c = 0, the iterative 
al
ulations 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 fun
tion of y(i)c : di=1 for y(i)c ≤ 0 or di=−1for y(i)c >0. Consequently, the initial ve
tor (x(i)c , y(i)c )T has been rotated onto thex-axis and s
aled with the fa
tor K to gain the value x'.The new CORDIC ve
tor (x(i)c , y(i)c )T is rotated onto the z-axis by a se
ond iterativerotation (II) with the initial values x(0)c =z, y(0)c =x' and z(0)c =0. It is s
aled withsame fa
tor K sin
e the number of iterations for both rotations is set equal. Theiterative 
al
ulations 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 dire
tion in the sensor.4.2 Control Loops to Tra
k Fine Stru
ture TransitionIn order to ex
ite the �ne stru
ture 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 verti
al 
avity of VCSELs has the 
hara
teristi
of low parasiti
 
apa
ity and therefore 
an be modulated by mi
rowave signals withgood e�
ien
y [48℄. Furthermore, VCSELs have inherent single mode 
apability [48℄.
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ontrol of the laser 
arrier frequen
y, the entire triple modulated light�eld spe
trum, whi
h is applied in order to ex
ite and dete
t the magneti
 �elddependent Zeeman resonan
es, would drift. This would 
ause a so-
alled two-photondetuning [49℄ of the CPT resonan
e ex
itation pro
ess and would lead to a malfun
tionof the magnetometer. The opti
al transition 52S1/2 → 52P1/2 of the rubidium D1 linehas typi
ally a Doppler broadened FWHM of 600MHz. For a reliable operation of theCDSM, the laser frequen
y must �t within a toleran
e of < 100MHz. The VCSELfrequen
y is strongly related to the DC inje
tion 
urrent and to the temperaturevia the frequen
y and temperature shifting 
oe�
ients 340GHz/mA and 34GHz/K(� λV CSEL=794.979 nm), respe
tively8. Consequently, both parameters must be
ontrolled pre
isely as it is dis
ussed for the laser temperature in Se
tion 4.2.1 andfor the laser inje
tion 
urrent in Se
tion 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 inje
tion 
urrent dire
tlyin�uen
es the output frequen
y. In Se
tion 4.2.1.1, a general overview of the 
ontrolloop design is given. Se
tion 4.2.1.2 to Se
tion 4.2.1.5 dis
uss in detail the fun
tionblo
ks whi
h are part of the 
ontrol unit.4.2.1.1 OverviewThe temperature of the VCSEL diode is set by a bi-dire
tional 
urrent through aThermo-Ele
tri
 Cooling (TEC) element (see Figure 4.1). A

ording to the thermo-ele
tri
 e�e
t in 
ondu
tors, 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 dire
tion of the heat �ow through the TEC element. The 
urrent strength anddire
tion are set by dual Pulse Width Modulation (PWM), generated in the FPGAand dis
ussed in Se
tion 4.2.1.2.The PWM signals are ampli�ed by an output stru
ture on the ele
troni
s boardand drive the TEC element lo
ated in the laser unit. Two options of possible outputstru
tures are 
ompared in terms of e�
ien
y in Se
tion 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 
ir
uit and the ADC are dis
ussed in8The frequen
y and temperature shifting 
oe�
ients are values obtained from the ULM photoni
s795 nm single mode VCSEL diode datasheet, v4.
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Low pattern
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(I)

(II)
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(V)
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254 255
(III)

Sub-duty cycle = upper 8 bit of the full 16 bit duty cycle +1

Realization of complementary PWM output signals

e.g. sub-duty cycle = 2 shown

Figure 4.24: Di�erent stages of the PWM pattern generation.Se
tion 4.2.1.4. The quantized signal is fed to the laser temperature 
ontroller whi
h
al
ulates the duty 
y
le required to keep the a
tual VCSEL temperature at the settemperature.4.2.1.2 Synthesis of Duty Cy
leThe PWM should not disturb the magneti
 �eld measurement or other fun
tionblo
ks of the instrument. Frequen
ies below 30Hz are of interest for the magneti
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ies from 1000Hz to 30000Hz are typi
allyused for the overall three lo
k-in ampli�ers in order to phase-sensitively dete
t opti
alresonan
e features in the experiment. Hen
e, the fundamental frequen
y of the PWMis set to approximately 152.6Hz whose period is equivalent to 216 
lo
k 
y
les of theFPGA 
lo
k frequen
y fFPGA = 10MHz (see (I) in Figure 4.24). Consequently, theresolution of the PWM word is 16 bit. However, for this frequen
y 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 swit
hing and preserve the high resolutionof the initial PWM word, the 16 bit fundamental PWM period is divided into 28segments whi
h a
t as sub-PWM periods with a resolution of 8 bit ea
h (see (II) and(III) in Figure 4.24). At the start of a fundamental PWM period, the duty 
y
le 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 de
idesat whi
h segment of the fundamental PWM period the duty 
y
le of the sub-PWMsis in
remented by one (IV and V). This te
hnique 
ombines a high PWM resolutionof 16 bit and a high frequent PWM output swit
hing with a de�ned sub-fundamentalat 39062.5Hz. The sub-fundamental frequen
y is beyond the frequen
y range of thelo
k-in ampli�ers.Within one sub-PWM period, the PWM signals A and B are swit
hed 
omplemen-tary and symmetri
 to half of the period (VI). This minimizes syn
hronous swit
hingevents of signal A and signal B and, 
onsequently, the EMI on the power supply.4.2.1.3 Output Stru
tureThe signals A and B of the dual PWM are ampli�ed by a dual MOSFET driver onthe ele
troni
s board (see Figure 4.25).For option 1, the TEC element is dire
tly 
onne
ted 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, the
urrent 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 ele
tri
alpower PTECmax in the TEC element 
an be expressed by
PTECmax = RTEC · I2TECmax

(4.33)where RTEC refers to the resistan
e of the TEC element and ITECmax to the maxi-mum TEC 
urrent whi
h is determined by the supply voltage of the MOSFET drivers
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Vsupply

PWM signal A

MOSFET driver 

TAp

TAn

TBp

TBn

ITEC-heating 

ITEC-cooling 

PWM signal B

RTEC

Figure 4.25: Simple laser temperature output stru
ture (option 1).and the series resistan
e of all elements in the 
urrent path of ITEC . For option 1, thatin
ludes the on-resistan
es RAp and RBn of the p-
hannel and n-
hannel MOSFETsof the drivers A and B, respe
tively, the resistan
e Rw of the wires and 
onne
torswhi
h interfa
e the laser unit and RTEC . The resistan
e 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 
oolingresistan
e 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-resistan
es of the n-
hannel and p-
hannelMOS-FETs of the drivers A and B, respe
tively.For option 2, two additional MOS-FET Totem Pole (TP) output stru
tures A andB are introdu
ed in order to drive the TEC element. The overall resistan
es for
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Figure 4.26: Advan
ed laser temperature output stru
ture (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-resistan
es of the p-
hannel and n-
hannelMOSFETs of the totem poles A and B in 
ase of heating, while RTPAn
and RTPBp

arethe on-resistan
es of the n-
hannel and p-
hannel MOSFETs of totem poles A and Bin 
ase of 
ooling.Figure 4.27 shows 
al
ulations of the overall power 
onsumption of the output stru
-tures (upper plot, dashed lines), the ele
tri
al power dissipation in the TEC element(upper plot, solid lines) and the power e�
ien
y (lower plot) for output stru
tureoption 1 (blue) and option 2 (green). The resistan
es of wires and 
onne
tors are
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efficiency option 2Figure 4.27: Laser temperature output stru
ture power 
onsumption and e�
ien
y.negle
ted for these 
al
ulations9 For option 1, the sele
ted dual MOSFET driver10,operated at Vsupply = 5V, limits the ele
tri
al power at the TEC element to approx-imately 740mW with an e�
ien
y of 50% (RTEC=8.5Ω). The additional MOSFETtotem poles in option 2 have lower on-resistan
es11 whi
h in
rease the maximal ele
-tri
al power at the TEC and improve e�
ien
y of the overall 
ir
uit. E.g. an ele
tri
alTEC power of 1W 
an be realized with a TEC resistan
e of RTEC = 24.4Ω and withan e�
ien
y of 98.85%.

9The wire and 
onne
tor resistan
es are mu
h smaller than RTEC . E.g. 0.25Ω/m obtained fromdatasheet for a spa
e-quali�ed GORE wire or <0.01Ω obtained from datasheet for a LEMO 00series 
onne
tor.10E.g. RAp , RBp=4.5Ω and RAn , RBn=4Ω obtained from datasheet for Mi
rel 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�eren
e of the bridge is bu�ered, s
aled and o�set by a non-inverting ampli�er. Theoutput signal is quantized by an ADC whose resolution is the limiting fa
tor for thea

ura
y of the laser temperature 
ontrol loop.The low range 
urrent sink of the laser 
urrent generator dis
ussed in Se
tion 4.2.2.3has a full-s
ale 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-s
ale in order to avoid missing output 
urrents due to partimperfe
tions (see Se
tion 4.2.2).Therefore, laser temperature 
hanges greater or equal to half of the low range full-s
ale require an adaption of the high range 
urrent sink in order to keep the outputwavelength tuned to the �ne stru
ture transition 52S1/2→ 52P1/2 (see Figure 2.1).This pro
ess would lead to hysteresis e�e
ts at the laser output 
urrent and wouldresult in additional noise of the laser 
arrier frequen
y. Consequently, the temperature
ontrol loop should be designed to keep the laser temperature within half of thelow range 
urrent sink full-s
ale and, respe
tively, within the temperature range of0.0098K (0.0126K) in order to avoid hysteresis noise.Additionally, the measurement should 
over all temperatures whi
h are paired tothe laser inje
tion 
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 photoni
s 795 nm single mode VCSEL diode datasheet, v4.13Parameters shown in bra
es are measured for the same laser diode. The displa
ement 
oe�
ientof -2.99 µA/GHz and the temperature dependen
e of -25.96GHz/K result in a temperature over
urrent 
oe�
ient of 12.88K/mA.
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Figure 4.28: Laser temperature measurement 
ir
uit with 
al
ulated 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, respe
tively.With a temperature measurement range of 7.5K and a 12 bit ADC, the minimalquantized temperature step of 0.00183K is a fra
tion 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 resistan
es, 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 whi
h enables a balan
ed adjustmentrange for the 
urrent sinks (see Se
tion 4.2.2). The resistan
e of Rlin in Figure 4.28has been sele
ted equal to the NTC resistan
e at the nominal temperature of 35.2◦C(RNTC = 6859Ω) whi
h leads to the maximum temperature-to-voltage gain fa
torof the measurement at this point [33℄. R2 is set equal to Rlin. The voltages VNTCland VNTCu at the NTC resistor whi
h 
orrespond to the lower and upper limit of thetemperature measurement range, respe
tively, 
an be 
al
ulated 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 resistan
es refer to measured values of EPCOS B57550G103J.
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Figure 4.29: Blo
k diagram of the laser temperature 
ontrol loop.where Vref is the supply voltage generated by a voltage referen
e for the Wheat-stone bridge and for the ADC. VNTCl
and VNTCu are mapped to VADCl

= Vref =5V and VADCu = 0V, respe
tively, in order to �t the ADC input range. The requiredampli�
ation fa
tor 
an be 
al
ulated 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, whi
h 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 
y
le step from 0.6875 to 0.8125. The upper plot shows that
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second order exponential fitFigure 4.30: Step response of the laser temperature 
ontrol path P(s) in air.the laser temperature raises from approx. 31.7◦C to 40.9◦C within 1000 s. In thelower plot the digitized temperature in the FPGA (bla
k) is normalized to obtain thestep response (blue) whi
h is �tted by a se
ond order exponential fun
tion (green).The 
ontrol path P(t) 
an be expressed as two-pole system in the time domain

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 fa
tors and τ1 = 449 s and τ2 = 60 sare the time 
onstants of the �rst and the se
ond exponential fun
tion, respe
tively.Figure 4.29 shows the blo
k diagram of the simpli�ed laser temperature 
ontrol loop.The transfer fun
tion 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)whi
h 
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 fun
tion 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 fun
tion 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 fun
tion in the z-domain
an be determined for the given parameters 
, d, e, kC with bilinear transformation15whi
h 
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 samplingfrequen
y of the 
ontroller implementation.16The 
oe�
ients are 
al
ulated with MathWorks Matlab in the double pre
ision format.
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aT =

[

a2 a1 a0

]T
=







1

−1.999977098612504

0.999977098612504






. (4.54)C(z) represents su�
iently the transfer fun
tion C(s) for fs/f−3 dB ≫ 10 [50℄, wherefs refers to the sampling frequen
y of the digital 
ontroller implementation and f−3 dBto the 
orner frequen
y of the 
ontrol loop. For a �resour
e-friendly� implementation,the 
oe�
ients are approximated by fun
tions of rounded powers of two, whi
h 
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 frequen
y responses of the 
ontrol path P(s) (bla
k), 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 fa
tor of the 
ontroller is −24.3 in order to enable a hypo-theti
al 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 sin
e thegain fa
tor kr is realized by a negation and a shift fun
tion of 5 whi
h is equal to 32.4.2.2 Control Loop to Set Laser CurrentThe laser 
urrent 
ontrol loop is established in order to set the inje
tion 
urrent of theVCSEL diode whi
h in 
ombination with the laser temperature dire
tly in�uen
es theoutput frequen
y. In Se
tion 4.2.2.1, a general overview on the 
ontrol loop design isgiven. Se
tion 4.2.2.2 and Se
tion 4.2.2.3 dis
uss in detail the fun
tion blo
ks whi
hare part of the 
ontrol unit.
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(s)Figure 4.31: Bode diagram of the laser temperature 
ontrol loop.4.2.2.1 OverviewThe laser 
urrent 
ontrol loop sets the inje
tion 
urrent of the VCSEL diode in or-der to keep the output frequen
y equal to the frequen
y of the opti
al transition52S1/2→ 52P1/2 for a given laser operating temperature (see Figure 2.1). The used
onstant 
urrent generator is designed to be su�
iently short-term 
onstant on atimes
ale of t≤ 10min. The 
ir
uit design is dis
ussed in detail in Se
tion 4.2.2.3.The sour
e supplies the VCSEL diode and, additionally, three adjustable voltage 
on-trolled 
urrent sinks in parallel via the same 
urrent node. Two of the 
urrent sinks setthe DC 
urrent through the laser diode. Here, the 
ontrol voltages 
orrespond to thea
tuating variable of the laser 
urrent 
ontroller in the FPGA. The mapping pro
essof the a
tuating variable onto the two 
urrent sinks is outlined in Se
tion 4.2.2.2. Thethird 
urrent sink is driven by a sinusoidal referen
e signal whi
h is provided by thelo
k-in ampli�er. It enables FM spe
tros
opy whi
h is used to stabilize the VCSEL
arrier frequen
y onto the spe
tral feature (see Figure 4.33). The lo
k-in ampli�erimplementation is identi
al to the Zeeman 
ontrol loop but operates at a di�erentreferen
e frequen
y fref3 ≈ 11160.7Hz (see Se
tion 4.1.5). Consequently, the output
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Figure 4.32: Blo
k diagram of the laser 
urrent 
ontrol loop.
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Figure 4.33: Laser frequen
y spe
trum derived by 
urrent sweep.
urrent of the adjustable 
urrent generator is a
tually a superposition of a DC andan AC 
omponent. The subsequent signal path is similar to the one of the magneti
�eld 
ontrol loop dis
ussed in Se
tion 4.1.Figure 4.33 shows the in-phase (red) and quadrature-phase (blue) outputs of thelo
k-in ampli�er for a laser 
urrent sweep with enabled FM spe
tros
opy. The �nestru
ture transition frequen
y νFS is probed by the laser 
arrier frequen
y fLASERand the mi
rowave sidebands fLASER ± n fMW (n = 1, 2, ...).The parameters for the FM spe
tros
opy (deviation frequen
y, modulation indexand phase of the referen
e signal) are di�erent 
ompared to the 
ontrol loop for the
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(I)
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(III) Figure 4.34: Mapping of the a
tuating variable onto two DAC words.magneti
 �eld measurement (fref3≪ linewidth of spe
tral feature). Therefore, thedemodulation outputs of the lo
k-in ampli�er have to be interpreted di�erently (seeSe
tion 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 se
ond derivative [51℄. In 
onsequen
e, the zero
rossing, whi
h is important to tra
k 
hanges of the laser frequen
y, o

urs in thein-phase signal [51℄ at the zero frequen
y o�set in Figure 4.33.As shown in Figure 4.32, it is fed to the laser 
urrent 
ontroller as feedba
k signal.The 
ontroller is identi
al to the implementation dis
ussed for the Zeeman 
ontrolloop. Typi
ally, the bandwidth of the laser 
urrent 
ontroller is set 10 times largerthan the bandwidth of the Zeeman 
ontrol loop in order to redu
e noise of the 
onstant
urrent sour
e in the frequen
y range of the magneti
 �eld measurement.4.2.2.2 Mapping of A
tuating VariableThe 
ombination of a high range and a low range 
urrent sink enables a wide adjust-ment range of the DC inje
tion 
urrent with high resolution. In prin
iple, the digitalwords of the high and low range DACs 
orrespond to the a
tuating 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 toleran
es.In Figure 4.34, the a
tuating variable is s
aled 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.
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e, with a sink ratio of 28 as implemented in Figure 4.35 only the Q=9most signi�
ant bits of the a
tuating variable are mapped to the high range DACwhile the rest of the high range bits is zero (II). The subsequent bits of the a
tuatingvariable are mapped to the low range DAC (III). As dis
ussed in Se
tion 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 
ir
uit in Figure 4.35 
onsists of three subunits, the
onstant 
urrent sour
e (shown in the upper third), the high range and low range
urrent sinks to adjust the DC inje
tion 
urrent, the sink with sinusoidal output toenable frequen
y modulation spe
tros
opy (shown in the 
enter) and the prote
tion
ir
uit (shown in the lower third).The mi
rowave os
illator in the 
urrent CDSM design requires a laser inje
tion
urrent whi
h refers to ground potential. This limits signi�
antly possible optionsfor the design and implementation of a pre
ise and long-term stable 
onstant 
urrentsour
e. The sele
ted 
ir
uit17 in Figure 4.35 
onsists of two inverting operationalampli�ers with an additional feedba
k loop from the 
ir
uit 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 referen
e, e.g. 7V. In addition to the 
ir
uitin [33℄, two 
apa
itors C1 and C2 in the feedba
k loop of ea
h inverting operationalampli�er sub-
ir
uit slow down the 
urrent sour
e and redu
e signi�
antly the 
urrentnoise. In a typi
al operation mode, the 
ir
uit sour
es the VCSEL diode and threeadjustable voltage-
ontrolled 
urrent sinks in parallel via the same 
urrent node.Ea
h 
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�eren
e between the ampli�er inputs. The17The 
onstant 
urrent sour
e is based on a design example in [33℄ page 797 f.
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Figure 4.35: S
hemati
s 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℄
Ih =

Vh

Rh
. (4.59)



4 Control Unit Design and Evaluation 65The nominal threshold voltage Vth of the sele
ted VCSEL diode18 is 1.8V. A DACoutput voltage Vh greater than the sum of threshold voltage Vth and the forwardvoltage Vf of the 
olle
tor-base diode inherent in the transistor T2a would lead to amalfun
tion of the 
urrent sink. The operational ampli�er in 
ombination with the
ondu
tive 
olle
tor-base transition would turn the 
urrent sink into a sour
e andthe resulting over-
urrent 
ould damage the VCSEL diode. The MSB is permanentlyset to zero for the sele
ted DAC with a full-s
ale range of 2.5V19. This limits themaximum possible output voltage to 1.25V without the need of additional analogue
omponents.The resistors Rh and Rl are sele
ted to 2.5 kΩ and 640 kΩ, respe
tively, whi
hleads to an adjustment range of 0.5mA for the inje
tion 
urrent with a theoreti
allyminimum 
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 ele
tri
al 
hara
teristi
s e.g.possible temperature and long-term drifts mat
h to high extend whi
h 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 swit
hing noise in the output 
urrent or toharmoni
 distortion, respe
tively. Consequently, both digital DAC words are shiftedby a 
onstant value whose output voltage is greater than the worst 
ase o�set voltage
onsidering operating temperature range and mission life time. This approa
h doesnot redu
e the output resolution and keeps the maximum output voltage below the
riti
al voltage sum of Vth and Vf .VCSEL diodes are sensitive to EMI and Ele
tro-Stati
 Dis
harge (ESD). Therefore,an additional 
ir
uit is needed to prote
t 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, respe
tively. At instrument start-up, the FPGA output1 swit
hes the relay S 1 and 
onne
ts the resistor R5 to the output of the 
urrentgenerator. Transient pro
esses 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 swit
h 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 sequen
e, transients at start-up 
annot harm18The nominal threshold voltage is obtained from the ULM photoni
s 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 Tra
k Hyper�ne Stru
ture TransitionThe mi
rowave 
ontrol loop is established to tune the mi
rowave generator frequen
yin order to 
an
el adverse systemati
 frequen
y shifts of the hyper�ne stru
ture tran-sition 52S1/2, F=1, mF =0↔ 52S1/2, F=2, mF =0 and to 
ompensate long-termdrifts of the mi
rowave generator. In Se
tion 4.3.1, a general overview on the 
ontrolloop design is given. Se
tion 4.3.2 dis
usses in detail the analogue output stru
ture.4.3.1 OverviewThe hyper�ne stru
ture transition frequen
y νHFS depends in se
ond 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 mismat
h ∆νHFS of the mi
rowave generator frequen
y and the hyper�ne stru
-ture transition frequen
y 
auses a pair of CPT resonan
es whi
h 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 resonan
e, this splittingis not entirely resolved and thus observable as distorted, dispersive shaped signal. In
ase of equal CPT resonan
e line strengths (n=−1 and 1, n=−2 and 2 or n=−3 and3) the point of zero 
rossing is identi
al to the 
ase∆νHFS =0. Therefore, a mismat
hwould not a�e
t the magneti
 �eld measurement of the CDSM [8℄. Unfortunately,the line strengths of single positive and negative numbered CPT resonan
es are notsymmetri
 due to the in�uen
e of the opti
al pumping [22℄. Hen
e, the systemati
error indu
ed by the mismat
h is not entirely 
an
elled.The CPT resonan
e related to the hyper�ne stru
ture splitting transition 
anbe used as referen
e to tune the mi
rowave generator frequen
y in order to rea
h
∆νHFS =0 and thus a
hieve 
an
ellation of the adverse systemati
 frequen
y shiftsindu
ed by the bu�er gas, the AC Stark e�e
t [27℄ or the mismat
h of ∆νHFS. Ad-ditionally, the hyper�ne stru
ture transition 
ontrol loop is 
apable to 
ompensatelong-term drifts of the mi
rowave generator. The required 
alibration period dependson the stability of the mi
rowave generator implementation.The mi
rowave generator is realized by a phase-lo
ked loop whi
h 
onsists of avoltage-
ontrolled mi
rowave os
illator and a fra
tional n-
ounter frequen
y divider.The generator provides a 
onstant radio frequen
y power level and a modulationbandwidth up to 10MHz. The time base for the mi
rowave generator is an ad-
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Figure 4.36: Blo
k diagram of the mi
rowave 
ontrol loop.
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Figure 4.37: Frequen
y spe
trum of the hyper�ne stru
ture transition.justable temperature-
ompensated 
rystal referen
e os
illator whi
h is tuned via avoltage input by the a
tuating variable of the mi
rowave 
ontroller in Figure 4.1 andFigure 4.36. A sinusoidal signal with the frequen
y fref2 ≈ 1905.5Hz is superposed tothe a
tuating variable and enables an FM spe
tros
opy te
hnique for stabilizing themi
rowave os
illator. The analogue output stru
ture whi
h superposes and bu�ersboth signals is dis
ussed in Se
tion 4.3.2. The subsequent signal path and the in-terpretation of the demodulation outputs of the lo
k-in ampli�er are similar to themagneti
 �eld dete
tion 
ontrol loop in Se
tion 4.1.Figure 4.37 shows the in-phase and quadrature-phase signal of the lo
k-in ampli�er
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e os
illator output frequen
y sweep with enabled FM spe
tros
opy. Thehyper�ne stru
ture transition20 F=1, mF =0→F=2, mF =0 with the frequen
y
νHFS is probed by the mi
rowave frequen
y fmw and the frequen
y modulation spe
-tros
opy sidebands at multiples of fref2 . The zero 
rossing appears in the quadrature-phase output (blue) whi
h is fed to the 
ontrol unit as feedba
k signal (see Fig-ure 4.36).The 
ontroller is identi
al to the implementation for the Zeeman 
ontrol loop.Typi
ally, the bandwidth of the mi
rowave 
ontroller is set to τT < 1 s in order toredu
e a possible interferen
e with the magneti
 �eld measurement.Ideally, the hyper�ne stru
ture transition is permanently tra
ked 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 spe
tral feature experi-en
es the same dependen
e on the angle θ between the magneti
 �eld dire
tion andthe opti
al axis of the sensor 
ell as the CPT resonan
es with n=±2 (see Equa-tion 2.3. As 
onsequen
e, the 
ontrol loop 
annot work reliable at wide angles (e.g.70◦ <θ< 110◦). For this alignment range a pre-re
orded look-up table 
an adjust thereferen
e os
illator a

ording to the measured sensor temperature and magneti
 �elddata. Another option is to apply periodi
ally (e.g. for three se
onds in every minute)an arti�
ial magneti
 �eld in dire
tion of the opti
al axis in order to in
rease thestrength of the CPT resonan
e n=0 and to 
alibrate the mi
rowave generator to thehyper�ne stru
ture transition.The referen
e os
illator also serves as a time base for the signal pro
essing in theFPGA and, therefore, in�uen
es the magneti
 �eld measurement whi
h is derivedby the Breit-Rabi formula in Equation 2.1. Sin
e the referen
e output frequen
y isadjusted in order to 
ompensate the bu�er gas pressure, the bu�er gas temperature,the AC Stark light shift and the magneti
 �eld dependen
es of the hyper�ne stru
turetransition, a systemati
 error is introdu
ed to the magneti
 �eld measurement. Forinstan
e, a referen
e os
illator with f0 = 20MHz, the in�uen
e of a magneti
 �eld of50µT, a gas pressure of 4 kPa and a temperature 
hange of 25K 
ause a

ura
y errorsof the magneti
 �eld measurement of 1 pT, 86 pT and 1 pT, respe
tively [29℄ [27℄.These errors 
an be removed entirely by pre-determination of the gas pressure andpost-pro
essing of the magneti
 �eld and housekeeping data.
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Figure 4.38: S
hemati
s of the Vref output 
ir
uit with 
al
ulated values.4.3.2 Analogue Output Cir
uitThe 
ir
uit shown in Figure 4.38 
onsists of two adjustable voltage sour
es realized bytwo DACs21, three operational ampli�ers and 4 resistors. The output of the DAC volt-age sour
e VDACDC

orresponds to the a
tuating variable of the mi
rowave 
ontrollerwhile the sinusoidal DAC output VDACs enables frequen
y modulation spe
tros
opy.Both voltages are bu�ered, 
ombined and s
aled by two voltage followers and a non-inverting summer22 in order to obtain the required adjustment voltage Vref for thereferen
e os
illator. 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 sele
ted referen
e os
illator23 is
Vrefu = 3V . (4.61)The signal VDACs is digitally limited to and shifted by half of the DAC full-s
aleoutput voltage VDAC/2 in order to avoid harmoni
s due to possible o�set voltagesof the operational ampli�ers IC 1 and IC 3. For the modulation frequen
y fref2 =20The hyper�ne stru
ture transition is also 
alled 0-0 transition and is used for alkali-based opti
allypumped atomi
 
lo
ks.21E.g. Maxim MAX542 serial-input, voltage-output 16 bit DAC.22The 
ir
uit 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 pre
ision temperature-
ompensatedvoltage-
ontrolled 
rystal os
illator (TCVCXO).
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ted referen
e os
illator24, the sinusoidal peak-peak 
omponentVspp of the referen
e voltage should be 0.0379V in order to a
hieve 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-s
ale output voltage of the DAC. WithEquations 4.60, 4.61 and 4.62, the DC 
omponent of the referen
e 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 
an
el the input bias 
urrent of the operationalampli�er IC 3 using the 
ommon-mode input voltage reje
tion te
hnique [52℄. Witha sele
ted 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 whi
h 
orresponds to the a
tuating variable sets the min-imal frequen
y step possible to adjust mi
rowave frequen
y to the hyper�ne stru
turetransition frequen
y νHFS. For ideal 
omponents, digital zero and full-s
ale wordsare mapped to Vref = 0V and Vref = 2.9621V, respe
tively. For the input limitsof the sele
ted referen
e os
illator, this results in a minimum step of the mi
rowavefrequen
y of 1.0676Hz.24The minimum frequen
y adjustment range of ±9.2 ppm leads to a range of 62879 Hz for the hyper-�ne stru
ture transition frequen
y νHFS . Values are obtained from datasheet for the MtronPTIM611x series pre
ision 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 whi
h signi�
antly in�uen
es the strengths of CPTresonan
es. In Se
tion 4.4.1, a general overview on the 
ontrol loop design is given.Se
tion 4.4.2 to Se
tion 4.4.4 dis
uss in detail the fun
tion blo
ks whi
h are part ofthe 
ontrol unit.4.4.1 OverviewThe strengths of the CPT resonan
es depend, amongst other parameters, on thevapour pressure of the rubidium atoms in the glass 
ell and, 
onsequently, on thetemperature [27℄. By in
reasing the temperature, more rubidium atoms are in thegaseous phase and available for the intera
tion with the light �eld. The strengthsof CPT resonan
es in
rease while the FWHM narrows with the sensor tempera-ture [15℄ [17℄ [23℄ [29℄. Therefore, the noise density of the magneti
 �eld dete
tionde
reases but starts to in
rease again at a 
ertain temperature when the opti
al thi
k-ness e�e
t gets dominant and redu
es the CPT resonan
e line strength again [17℄. Fora reliable operation of the CDSM the sensor 
ell temperature must be between 15◦Cand 60◦C. Hen
e, no temperature 
ontrol is required for the operation at room tem-perature (25◦C). In 
ase of too low environmental temperatures, whi
h for instan
eo

ur during spa
e 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-dire
tional PWM AC 
urrent through a bi�lar heating 
oil aroundthe glass 
ell. The fundamental period of the PWM is syn
hronized to the modulationfrequen
y fref1 of the FM spe
tros
opy whi
h is used for the magneti
 �eld dete
tionin order to minimize the interferen
e of the AC heating 
urrent on the magneti
 �eldmeasurement. Se
tion 4.4.2 outlines the synthesis pro
ess of the PWM heating signalsA and B. The output stru
tures for the heating 
urrent are identi
al to option 2 inSe
tion 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 
ir
uit isdis
ussed in Se
tion 4.4.3. The quantized thermistor signal is fed to the 
ontrollerwhi
h 
al
ulates the required duty 
y
le to keep the a
tual temperature at the set tem-perature. The design and implementation of the 
ontroller is given in Se
tion 4.4.4.25E.g. Heraeus Sensor Te
hnology PT1000 C 420 B 25AgPd 15.



4 Control Unit Design and Evaluation 72
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 Cy
leA 
ommon te
hnique in order to redu
e the in�uen
e of the heating 
urrent on themagneti
 �eld measurement to a large extent is the bi�lar heating 
oil. Anotherte
hnique is the proper sele
tion of the waveform of the heating 
urrent (see Fig-ure 4.39). As dis
ussed in Se
tion 4.1.5, the lo
k-in ampli�er used for the magneti
�eld dete
tion operates at the modulation frequen
y fref1 of approx. 7102.3Hz (I).The moving average �lter and the entire magneti
 �eld measurement has spe
tralminima at frequen
y multiples of 2fref1 (see Figure 4.17). A PWM of the heating
urrent with the fundamental frequen
y 2fref1 (II) would have frequen
y 
omponentsidenti
al to those spe
tral minima. Consequently, for an ideal implementation, theheating 
urrent should not have an in�uen
e on the magneti
 �eld measurement.If the output stru
tures are realized by dis
rete 
omponents, both p-
hannel andboth n-
hannel MOSFETs should be part of the same lot and thermally 
oupled.With this design, the resistan
es for both signal paths mat
h to a high extent and thein�uen
e 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 
ir
uit dis
ussed for the laser temperature 
ontrol loop in Se
tion 4.2.1.4.The temperature of the sensor 
ell is measured with a PTC resistor whi
h is magnet-i
ally 
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

763Ω

13953Ω

RPTC

Rlin R2

R1

R3

Vref

VNTC

VADC ref 

VADC IN 

Figure 4.40: Sensor temperature measurement 
ir
uit.�lled glass 
ell and is part of a Wheatstone bridge whose voltage di�eren
e is bu�ered,s
aled and o�set by the non-inverting operational ampli�er 
ir
uit 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 a

ura
y.Table 4.2 shows the lower limit, the upper limit and the nominal set temperatureof the sensor temperature measurement with the 
orresponding PTC resistan
es,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 resistan
es of Rlin andR2 in Figure 4.40 have been sele
ted 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, respe
tively, and 
anbe 
al
ulated by
VPTCl

= Vref

RPTC
−70◦C

Rlin +RPTC
−70◦C

= 0.337V (4.68)
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C(z) -

+Set point Error signal +

+

P(s) 

Actuating variable
via 2fref1 heating current

Feedback signal

PTC temperature measurement

Sensor unit

Controller

e u y’

d

v y

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

the sensor temperature measurement circuit

Control Path

Figure 4.41: Blo
k diagram of the sensor temperature 
ontrol loop.and
VPTCh

= Vref
RPTC80◦C

Rlin +RPTC80◦C

= 0.579V (4.69)where Vref refers to the referen
e 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 fa
tor 
an be
al
ulated by
A =

VADCh
− VADCl

VPTCh
− VPTCl

= 20.7 . (4.70)The ampli�
ation of the non-inverting ampli�er 
ir
uit 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 
al
ulated 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 blo
k diagram of the simpli�ed sensor temperature 
ontrol loop.The design and implementation of the sensor temperature 
ontroller is similar to thepro
ess outlined for the laser temperature 
ontroller in Se
tion 4.2.1.5. In Figure 4.42,the step response of the sensor temperature 
ontrol path in air is measured with amanual duty 
y
le 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) whi
h is�tted by a se
ond order exponential fun
tion. The response of the two-pole system 
anbe expressed in the time domain by Equation 4.45 with the gain fa
tors G1 = 0.081and G2 = 0.187 and the time 
onstants τ1 = 672 s and τ2 = 143 s, respe
tively. Thetransfer fun
tion in the s-domain, P(s), is given by Equation 4.48 and 
an be ideally
ompensated by a 
ontroller C(s) with the stru
ture as outlined in Equation 4.50.The transfer fun
tion 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 fun
tion in the z-domain, R(z), 
an be determined with bilineartransformation. Identi
al 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 �resour
e-friendly� implementation, the 
oe�
ients are approximated by fun
-tions of rounded powers of two, whi
h 
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 frequen
y responses of the 
ontrol path P(s) (bla
k), 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 fa
tor of the 
ontroller is 700.2 in order to enablea hypotheti
al time 
onstant of τT = 1 s of the 
losed 
ontrol loop. The bandwidthsof the implemented 
ontroller and 
losed 
ontrol loop are slightly lower sin
e the gainfa
tor kr is realized by a shift fun
tion of 9 whi
h is equal to 512.

26The 
oe�
ients are 
al
ulated with MathWorks Matlab in the double pre
ision format.
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5 Instrument Performan
eThe resour
e requirements of the existing prototype and for a power supply optimizedimplementation are outlined in Se
tion 5.1. The key performan
e parameters ofthe CDSM prototype su
h as the a

ura
y, the 
hara
teristi
s of the power spe
traldensity of dete
tion noise, the temperature dependen
e and the dynami
 range aredis
ussed in Se
tion 5.2.5.1 Required Resour
esThe prototype of the CDSM shown in Figure 4.2 has been developed as EM for theChinese low Earth orbit mission EMS, whi
h will be laun
hed 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 va
uumare measured using the existing prototype and are based on the power interfa
e of
± 12V and 5V de�ned for the EMS mission. The interfa
e is determined by the Chi-nese power supply system and available DC/DC 
onverters. Nominal overall power
onsumption in air and va
uum are 5267mW and 3498mW, respe
tively. Signi�
antpower loss o

urs in the line regulators. The instrument mass of 774 g in
ludes a �vemeter long harness whi
h 
onne
ts the mixed signal ele
troni
s board and the sensorunit.For 
olumns denoted by Optimized instrument, the measured 
urrent 
onsumptionsof single 
omponents and fun
tional blo
ks are re-
al
ulated for a power supply inter-fa
e of ±5V, 3.3V and 1.2V and take 
orresponding datasheets into a

ount. The
al
ulations show that an optimized instrument interfa
e 
an signi�
antly redu
e thenominal overall power 
onsumption to 2515mW in air and 1427mW in va
uum.
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e 79Table 5.1: Resour
es measured for EMS and estimated for optimized interfa
e.EMS/Prototype a Optimized instrument bMass Power Power Power Powerair va
uum air va
uum(g) (mW) (mW) (mW) (mW)Mixed signal ele
troni
s board 320Control unit 2061 2061 956 956Mi
rowave 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 interfa
e de�ned for the EMS mission: ±12V, 5V.b EMS design re-
al
ulated for optimized power supply: ±5V, 3.3V, 1.2V.
 Nominal EMS instrument box temperature and laser operating temperature are 0◦C and35◦C, respe
tively.d Power-to-temperature 
oe�
ients of the 
urrent laser unit measured for air (45mW/K)and va
uum (11.5 mW/K) are linearized and averaged.e Power-to-temperature 
oe�
ients for a miniaturized laser unit in air (13mW/K) andva
uum (3.5mW/K) are derived from thermal simulations.f Nominal EMS boom interfa
e temperature and sensor operating temperature are 0◦Cand 30◦C, respe
tively.g Power-to-temperature 
oe�
ients of the 
urrent sensor design measured for air(26.5 mW/K) and va
uum (6.6mW/K) are linearized.h Power-to-temperature 
oe�
ient for a miniaturized and Multi-Layer Insulation (MLI)
overed sensor unit in va
uum (1.3mW/K) is derived from thermal simulations.i Cal
ulated 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 Chara
teristi
sThe instrument a

ura
y was experimentally 
ompared to a geomagneti
 standard1based on the Overhauser e�e
t at the Conrad Observatory of the Central Institute forMeteorology and Geodynami
s, Austria. In Figure 5.1, the magneti
 �ux densities1The GEM GSM-90 is a high sensitivity Overhauser e�e
t magnetometer and a se
ondary standardfor measurement of the Earth's magneti
 �eld.
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CDSM prototype
Overhauser magnetometerFigure 5.1: A

ura
y of magneti
 �eld measurement.shown were derived by tra
king the resonan
e superposition n=±2 (blue) and bya simultaneous measurement with the observatory standard (bla
k). For s
ienti�
spa
e missions su
h as EMS, an absolute error of the magneti
 �eld measurementof less than 0.2 nT is required. The CDSM is expe
ted to meet this goal. However,the measurement shows a 
onstant di�eren
e of approximately 5 nT 
ompared to thereferen
e 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 dis
usses the frequen
y 
hara
teristi
s of the CDSM prototype. Theblue 
oloured power spe
tral density was derived from measurement of the Earth's�eld based on the resonan
e superposition n=±2 shown in Figure 5.1. The sele
ted
orner frequen
y of approximately 1Hz and the measured power spe
tral density ofapproximately 70pT/√Hz of the CDSM prototype 
an be 
learly separated from thein�uen
e of the Earth's magneti
 �eld.All subsequent measurements were 
arried out with the sensor unit lo
ated in athree-layer µ-metal 
ylindri
al shielding 
an2 whi
h 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 prin
iple, the CDSM should not have a 1/f noise 
hara
teristi
 for frequen
ies2The µ-metal 
ylindri
 shielding 
an has a height of 1m and a diameter of 0.5m.3The system has a 
oil fa
tor 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 spe
tral density of the magneti
 �eld dete
tion noise.below the sele
ted 
orner frequen
y of the instrument. Figure 5.2 also shows thepower spe
tral density of a noise measurement 
arried out in the shielding 
an ata 
onstant applied �eld of approximately 2500 nT and a 
hosen 
orner frequen
y ofapproximately 3Hz (bla
k). The power spe
tral density of approximately 60 pT/√Hzin
reases below 10−1Hz whi
h 
annot be separated from the temperature drift of thepermeability of the µ-metal shielding 
an or the noise of the 
onstant 
urrent sour
ewhi
h was needed to drive the arti�
ial �eld.At the 
urrent stage of development, the power spe
tral density of the CDSM pro-totype varies between 40 and 80 pT/√Hz whi
h needs to be further investigated.However, this is su�
ient for s
ienti�
 spa
e missions where the main purpose of thes
alar magnetometer is to improve the long-term stability of the ve
tor magnetome-ters.In Figure 5.3, the in�uen
e of the sensor temperature on the dete
ted magneti
 �uxdensity was measured for two di�erent instrument 
on�gurations. The mi
rowave
ontrol loop 
an 
ompensate drifts of the mi
rowave generator and systemati
 errorsof the transition frequen
y 
aused by the magneti
 �eld, the gas pressure, the gastemperature and the AC Stark light shift. The temperature dependen
e of 368 pT/Kin a non-tra
king mi
rowave generator 
on�guration (bla
k) 
an be redu
ed to lessthan 7 pT/K for a measurement with an a
tive hyper�ne stru
ture 
ontrol loop (blue).The remaining drift 
annot be distinguished from drifts of the shielding 
an or the
onstant 
urrent sour
e whi
h was used to drive the arti�
ial �eld.
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Figure 5.3: Sensor temperature dependen
e of the magneti
 �eld measurement.
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Time [s]Figure 5.4: Demonstration of the low �eld performan
e.The dynami
 range of the CDSM with no 
hange of the hardware 
on�guration isdemonstrated in Figure 5.2 and Figure 5.4. In prin
iple, the CDSM is expe
ted todete
t magneti
 �ux densities from the measured value of 25 nT up to an extrapolatedvalue of 1mT [15℄ with identi
al performan
e [14℄ [15℄. Figure 5.4 shows a re
tangularAC �eld of 1.5 nTpp whi
h 
an be dete
ted on a 25 nT DC �eld. The upper limit 
ouldnot be veri�ed experimentally due to limitations in the test equipment. However, thenoise measurements in Figure 5.2 show that similar performan
es 
an be a
hieved formagneti
 �ux densities of approximately 2500 nT and 48400 nT.



6 Con
lusion and OutlookIn total �ve 
ontrol loops were identi�ed as ne
essary for a reliable implementation ofthe CDSM prin
iple and subsequently designed. All identi�ed 
ontrol loops were im-plemented in a single Printed Cir
uit 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 spa
egrade 
omponents and 
ompliant with the resour
e and interfa
e requirements of theEle
tro-Magneti
 Satellite (EMS) mission. The Chinese low Earth orbit EMS missionis the �rst �ight opportunity for the CDSM aboard a spa
e
raft. This development isequivalent to raising the Te
hnology Readiness Level (TRL) of the CDSM instrumentfor the EMS mission from 1 (basi
 prin
iples observed and reported) to 5 (
omponentand/or breadboard validation in relevant environment).The a

ura
y of the CDSM prototype was experimentally 
ompared to a geomag-neti
 observatory standard (see Figure 5.1). In a �rst measurement, a 
onstant dif-feren
e 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 sensor
omponent. The measured power spe
tral densities of 40 to 80 pT/√Hz shown inFigure 5.2 do not depend on the instrument bandwidth. The noise performan
eis su�
ient for s
ienti�
 spa
e missions su
h as EMS, where the main purpose ofthe s
alar 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 sour
e whi
h 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 
al
ulatedvalue of 1mT with identi
al performan
e.The instrument has a mass of 774 g. The measured high power 
onsumptions of5267mW in air and 3498mW in va
uum are 
aused by the power interfa
e require-ments whi
h are de�ned for the EMS mission. For an identi
al hardware but with anoptimized power interfa
e, the 
al
ulated power 
onsumption is 2515mW in air and1427mW in va
uum (see Table 5.1).



Up
oming development and evaluation steps in
lude repla
ing the magneti
 partsof the 
urrent sensor unit, 
hara
terizing the CDSM sensor lo
ation at the observatorywith a referen
e magnetometer and 
arrying out further a

ura
y tests. Two CDSMsensor units will be mounted 
lose together for a further test; the sensors shouldnot interfere with ea
h other due to the all opti
al sensor design. This will giveinformation on the a

ura
y and reprodu
ibility of the CDSM measurements.Additionally, a set of quali�
ation tests will be 
arried out by the end of 2013. Forthe sensor unit this in
ludes a sine and random vibration test, a Thermal-Va
uum(TV) test in the operating temperature range of −170◦C to +60◦C and a survivaltemperature test down to −196◦C. For the ele
troni
s board and the laser unit whi
hin
ludes 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 be
arried out. The noise and a

ura
y 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 Geodynami
s in Austria and at theTe
hnis
he Universität Brauns
hweig (TUB) in Germany. Furthermore, the sensorunit will undergo ele
tron irradiation tests at Graz University of Te
hnology and at thePhysikalis
h-Te
hnis
he Bundesanstalt (PTB) Brauns
hweig in Germany. These testswill evaluate the readiness of the CDSM instrument for the EMS and in parti
ularfor the JUpiter ICy Moon Explorer (JUICE) mission.



List of Figures1.1 Cross se
tion of CDSM sensor and pi
tures of implemented 
omponents 12.1 D1 spe
tral line ex
itation s
heme within the hyper�ne stru
ture of 87Rb 62.2 Dependen
e of the CPT resonan
e superpositions on the angle θ . . . 93.1 Blo
k diagram to enable frequen
y modulation spe
tros
opy . . . . . . 113.2 Spe
tra for frequen
ies ωref larger than the probed resonan
e linewidth 143.3 Spe
tra for frequen
ies ωref smaller than the resonan
e linewidth . . . 153.4 Signal �ow of the dire
t digital synthesizer . . . . . . . . . . . . . . . . 164.1 Blo
k diagram of instrument design . . . . . . . . . . . . . . . . . . . . 194.2 Pi
ture of CDSM prototype equivalent to the EM for the EMS mission 204.3 Demonstration of the CPT resonan
e superposition swit
hing . . . . . 234.4 DDS blo
k diagram to generate a frequen
y modulated signal . . . . . 254.5 FPGA output stru
ture and equivalent 
ir
uit . . . . . . . . . . . . . . 274.6 S
hemati
 of R-2R DAC network with Q=12 and inverting ampli�er . 274.7 S
hemati
 of R-2R DAC FPGA output 
ompensation . . . . . . . . . . 284.8 Signal-to-interferen
e ratio of the R-2R DAC . . . . . . . . . . . . . . 294.9 Equivalent 
ir
uit of a photodiode . . . . . . . . . . . . . . . . . . . . 304.10 S
hemati
s of a single stage transimpedan
e ampli�er 
ir
uit . . . . . . 314.11 S
hemati
s of a two-stage photodiode ampli�
ation 
ir
uit . . . . . . . 324.12 S
hemati
s of a transimpedan
e ampli�er with feedba
k . . . . . . . . 334.13 Noise performan
e of 
ir
uit designs whi
h 
ontain two ampli�ers . . . 344.14 Blo
k diagram of the dual-phase lo
k-in ampli�er . . . . . . . . . . . . 364.15 Blo
k diagram of the highpass �lter implementation . . . . . . . . . . 374.16 Bode diagram of the highpass �lter for di�erent KHP . . . . . . . . . . 384.17 Bode diagram of the moving average �lter for di�erent N2fref . . . . . 404.18 Blo
k diagram of the lowpass �lter implementation . . . . . . . . . . . 414.19 Bode diagram of the lowpass �lter for di�erent KLP . . . . . . . . . . 414.20 Blo
k diagram of the Zeeman 
ontrol loop . . . . . . . . . . . . . . . . 424.21 Blo
k diagram of the Zeeman 
ontroller . . . . . . . . . . . . . . . . . 43



4.22 Bode diagram of the 
losed Zeeman 
ontrol loop . . . . . . . . . . . . 444.23 Transformation of Cartesian to the spheri
al 
oordinate system . . . . 454.24 Di�erent stages of the PWM pattern generation . . . . . . . . . . . . . 494.25 Simple laser temperature output stru
ture (option 1) . . . . . . . . . . 514.26 Advan
ed laser temperature output stru
ture (option 2) . . . . . . . . 524.27 Laser temperature output stru
ture power 
onsumption and e�
ien
y 534.28 Laser temperature measurement 
ir
uit with 
al
ulated values . . . . . 554.29 Blo
k diagram of the laser temperature 
ontrol loop . . . . . . . . . . 564.30 Step response of the laser temperature 
ontrol path P(s) in air . . . . . 574.31 Bode diagram of the laser temperature 
ontrol loop . . . . . . . . . . . 604.32 Blo
k diagram of the laser 
urrent 
ontrol loop . . . . . . . . . . . . . 614.33 Laser frequen
y spe
trum derived by 
urrent sweep . . . . . . . . . . . 614.34 Mapping of the a
tuating variable onto two DAC words . . . . . . . . 624.35 S
hemati
s of laser 
urrent generator . . . . . . . . . . . . . . . . . . . 644.36 Blo
k diagram of the mi
rowave 
ontrol loop . . . . . . . . . . . . . . 674.37 Frequen
y spe
trum of the hyper�ne stru
ture transition . . . . . . . . 674.38 S
hemati
s of the Vref output 
ir
uit with 
al
ulated values . . . . . . 694.39 Sensor temperature heating waveforms . . . . . . . . . . . . . . . . . . 724.40 Sensor temperature measurement 
ir
uit . . . . . . . . . . . . . . . . . 734.41 Blo
k diagram of the sensor temperature 
ontrol loop . . . . . . . . . . 744.42 Step response of the sensor temperature 
ontrol path . . . . . . . . . . 754.43 Bode diagram of the sensor temperature 
ontrol loop . . . . . . . . . . 775.1 A

ura
y of magneti
 �eld measurement . . . . . . . . . . . . . . . . . 805.2 Power spe
tral density of the magneti
 �eld dete
tion noise . . . . . . 815.3 Sensor temperature dependen
e of the magneti
 �eld measurement . . 825.4 Demonstration of the low �eld performan
e . . . . . . . . . . . . . . . 82



List of Tables1.1 Main orbit parameters of the EMS satellite . . . . . . . . . . . . . . . 21.2 CDSM interfa
e and performan
e requirements for the EMS mission . 32.1 Zeeman-shifting fa
tors determined by 
al
ulation . . . . . . . . . . . . 104.1 Parameters of the laser temperature measurement . . . . . . . . . . . . 544.2 Parameters of the sensor temperature measurement . . . . . . . . . . . 735.1 Resour
es measured for EMS and estimated for optimized interfa
e . . 79



List of AbbreviationsA/D Analogue-to-Digital ConverterADC Analogue-to-Digital ConverterCDSM Coupled Dark State MagnetometerCMOS Complementary Metal-Oxide-Semi
ondu
torCORDIC COordinate Rotation DIgital ComputerCPT Coherent Population TrappingD/A Digital-to-Analogue ConverterDAC Digital-to-Analogue ConverterDDS Dire
t Digital SynthesisDSM Dark State MagnetometerEM Engineering ModelEMI Ele
tro-Magneti
 Interferen
esEMS Ele
tro-Magneti
 SatelliteESA European Spa
e Agen
yESD Ele
tro-Stati
 Dis
hargeFIR Finite Impulse ResponseFM Frequen
y ModulationFPGA Field Programmable Gate ArrayFS Fine Stru
tureFWHM Full Width at Half Maximum



H/K House-KeepingHFS Hyper�ne Stru
tureHP HighpassIEP Institute of Experimental Physi
s, Graz University of Te
hnologyIIR In�nite Impulse ResponseIWF Spa
e Resear
h Institute, Austrian A
ademy of S
ien
esJUICE JUpiter ICy Moon ExplorerLEO Low Earth OrbitLP LowpassLSB Least Signi�
ant BitLUT Look-Up TableMOSFET Metal-Oxide-Semi
ondu
tor Field-E�e
t TransistorMSB Most Signi�
ant BitsNIR Near Infra-RedNSSC National Spa
e S
ien
e Center, Chinese A
ademy of S
ien
esNTC Negative Temperature Coe�
ientPCB Printed Cir
uit BoardPEEK Polyether Ether KetonePIN Positive Intrinsi
 NegativePM Phase ModulationPTC Positive Temperature Coe�
ientPWM Pulse Width ModulationSFDR Spurious Free Dynami
 RangeSNR Signal-to-Noise Ratio



TEC Thermo-Ele
tri
 CoolingTP Totem PoleTRL Te
hnology Readiness LevelVCSEL Verti
al-Cavity Surfa
e-Emitting Laser



Referen
es[1℄ M. H. A
uña, �Spa
e-based magnetometers,� Review of S
ienti�
 Instruments,vol. 73, no. 11, pp. 3717�3736, Nov. 2002.[2℄ A. Balogh, �Planetary magneti
 �eld measurements: Missions and instrumenta-tion,� Spa
e S
ien
e Reviews, vol. 152, no. 1-4, pp. 23�97, May 2010.[3℄ P. Ripka, Ed., Magneti
 sensors and magnetometers, ser. Arte
h House RemoteSensing Library. Arte
h House In
, De
. 2000.[4℄ D. Duret, J. Bonzom, M. Bron
hier, M. Fran
ès, J.-M. Léger, R. Odru, C. Salvi,T. Thomas, and A. Perret, �Overhauser magnetometer for the Danish Oerstedsatellite,� IEEE Transa
tions on Magneti
s, vol. 31, no. 6, pp. 3197�3199, Nov.1995.[5℄ N. Olsen, L. Tø�ner-Clausen, T. J. Sabaka, P. Brauer, J. M. G. Merayo, J. L.Jörgensen, J.-M. Léger, O. V. Nielsen, F. Primdahl, and T. Risbo, �Calibrationof the Ørsted ve
tor magnetometer,� Earth, Planets and Spa
e, vol. 55, no. 1,pp. 11�18, Jan. 2003.[6℄ M. W. Dunlop, M. K. Dougherty, S. Kello
k, and D. J. Southwood, �Operationof the dual magnetometer on Cassini: s
ien
e performan
e,� Planetary and Spa
eS
ien
e, vol. 47, no. 10-11, pp. 1389�1405, O
t. 1999.[7℄ �Swarm - the Earth's magneti
 �eld and environment explorers,� European Spa
eAgen
y, Te
hni
al and Programmati
 Annex, 2004.[8℄ R. Lammegger, �Method and devi
e for measuring magneti
 �elds,�WIPO, Patent WO/2008/151344, Jun. 2008. [Online℄. Available:http://patents
ope.wipo.int/sear
h/en/WO2008151344[9℄ G. Alzetta, A. Gozzini, L. Moi, and G. Orriols, �An experimental method for theobservation of r.f. transitions and laser beat resonan
es in oriented Na vapor,� IlNouvo Cimento B, vol. 36, no. 1, pp. 5�20, Nov. 1976.



[10℄ E. Arimondo, �Coherent population trapping in laser spe
tros
opy,� Progress inOpti
s, vol. 35, pp. 257�354, Jun. 1996.[11℄ G. Orriols, �Nonabsorption resonan
es by nonlinear 
oherent e�e
ts in a three-level system,� Il Nouvo Cimento B, vol. 53, no. 1, pp. 1�24, Sep. 1979.[12℄ R. Wynands and A. Nagel, �Pre
ision spe
tros
opy with 
oherent dark states,�Applied Physi
s B, vol. 68, no. 1, pp. 1�25, Jan. 1999.[13℄ A. Nagel, L. Graf, A. Naumov, E. Mariotti, V. Bian
alana, D. Mes
hede, andR. Wynands, �Experimental realization of 
oherent dark-state magnetometers,�Europhysi
s Letters, vol. 44, no. 1, pp. 31�36, O
t. 1998.[14℄ M. Stähler, S. Knappe, C. A�olderba
h, W. Kemp, and R. Wynands, �Pi
oteslamagnetometry with 
oherent dark states,� Europhysi
s Letters, vol. 54, no. 3,pp. 323�328, May 2001.[15℄ R. Lammegger, �Coherent Population Trapping - ein Quanteninterferenze�ektals Basis optis
her Magnetometer,� PhD thesis, University of Te
hnology, Graz,Austria, Mar. 2006.[16℄ R. Wynands, A. Nagel, S. Brandt, D. Mes
hede, and A. Weis, �Sele
tion rulesand line strengths of Zeeman-split dark resonan
es,� Physi
al Review A, vol. 58,no. 1, pp. 196�203, Jul. 1998.[17℄ S. Knappe, J. Kit
hing, L. Hollberg, and R. Wynands, �Temperature dependen
eof 
oherent population trapping resonan
es,� Applied Physi
s B, vol. 74, no. 3,pp. 217�222, Mar. 2002.[18℄ X. Shen, X. Jia, L. Wang, H. Chen, Y. Wu, S. Yuan, J. Shen, S. Zhao, J. Qian,and J. Ding, �The earthquake-related disturban
es in ionosphere and proje
tof the �rst 
hina seismo-ele
tromagneti
 satellite,� Earthquake S
ien
e, vol. 24,no. 6, pp. 639�650, De
. 2011.[19℄ S
ien
e Programme Commitee, �Sele
tion of the L1 mission,� European Spa
eAgen
y, Paris, Fran
e, ESA/SPC(2012)12, Apr. 2012.[20℄ M. O. S
ully and M. Fleis
hhauer, �High-sensitivity magnetometer based onindex-enhan
ed media,� Physi
al Review Letters, vol. 69, no. 9, pp. 1360�1363,Aug. 1992.



[21℄ M. Fleis
hhauer and M. S
ully, �Quantum sensitivity limits of an opti
al mag-netometer based on atomi
 phase 
oheren
e,� Physi
al Review A, vol. 49, no. 3,pp. 1973�1986, Mar. 1994.[22℄ R. Wynands, �Pre
ision spe
tros
opy with 
oherently 
oupled lasers,� Habilita-tionss
hrift, University of Bonn, Germany, Mar. 1998.[23℄ S. Knappe, �Dark resonan
e magnetometers and atomi
 
lo
ks,� PhD thesis,University of Bonn, Germany, Apr. 2001.[24℄ C. A�olderba
h, M. Stähler, S. Knappe, and R. Wynands, �An all-opti
al, high-sensitivity magneti
 gradiometer,� Applied Physi
s B, vol. 75, no. 6-7, pp. 605�612, Nov. 2002.[25℄ P. D. D. S
hwindt, S. Knappe, V. Shah, J. Kit
hing, J. Bel�, L.-A. Liew, andJ. Moreland, �Chip-s
ale atomi
 magnetometer,� Applied Physi
s Letters, vol. 85,no. 26, pp. 6409�6411, De
. 2004.[26℄ G. Breit and I. I. Rabi, �Measurement of nu
lear spin,� Physi
al Review, vol. 38,no. 11, pp. 2082�2083, De
. 1931.[27℄ D. A. Ste
k, �Rubidium 87 D line data,� 2008.[28℄ A. Godone, F. Levi, and S. Mi
alizio, Coherent population trapping maser.Turin: CLUT, 2002.[29℄ J. Vanier and C. Audoin, The Quantum Physi
s of Atomi
 Frequen
y Standards.Bristol, Philadelphia: Adam Hilger, 1989, vol. 1.[30℄ A. Pollinger, M. Ellmeier, W. Magnes, C. Hagen, W. Baumjohann, E. Leitgeb,and R. Lammegger, �Enable the inherent omni-dire
tionality of an absolute 
ou-pled dark state magnetometer for e.g. s
ienti�
 spa
e appli
ations,� in Instru-mentation and Measurement Te
hnology Conferen
e (I2MTC), Graz, Austria,May 2012, pp. 33�36.[31℄ S. Knappe, W. Kemp, C. A�olderba
h, A. Nagel, and R. Wynands, �Splittingof 
oherent population-trapping resonan
es by the nu
lear magneti
 moment,�Physi
al Review A, vol. 61, no. 1, p. 012508, De
. 1999.[32℄ G. C. Bjorklund, M. D. Levenson, W. Lenth, and C. Ortiz, �Frequen
y modu-lation (FM) spe
tros
opy,� Applied Physi
s B, vol. 32, no. 3, pp. 145�152, Nov.1983.



[33℄ U. Tietze, C. S
henk, and E. Gamm, Halbleiter-S
haltungste
hnik, 12th ed.Berlin; Heidelberg; New York: Springer, 2002.[34℄ J. Tierney, C. Rader, and B. Gold, �A digital frequen
y synthesizer,� IEEETransa
tions on Audio and Ele
troa
ousti
s, vol. 19, no. 1, pp. 48�57, Mar. 1971.[35℄ �A te
hni
al tutorial on digital signal synthesis,� Analog Devi
es, Tutorial, Feb.1999.[36℄ L. Cordesses, �Dire
t digital synthesis: a tool for periodi
 wave generation (part1),� IEEE Signal Pro
essing Magazine, vol. 21, no. 4, pp. 50�54, Jul. 2004.[37℄ H. T. Ni
holas and H. Samueli, �An analysis of the output spe
trum of dire
tdigital frequen
y synthesizers in the presen
e of phase-a

umulator trun
ation,�in 41st Annual Symposium on Frequen
y Control - 1987, Philadelphia, USA, May1987, pp. 495�502.[38℄ V. F. Kroupa, V. Cizek, J. Stursa, and H. Svandova, �Spurious signals in dire
tdigital frequen
y synthesizers due to the phase trun
ation,� IEEE Transa
tionson Ultrasoni
s, Ferroele
tri
s and Frequen
y Control, vol. 47, no. 5, pp. 1166�1172, Sep. 2000.[39℄ E. Curti
apean and J. Niittylahti, �Exa
t analysis of spurious signals in di-re
t digital frequen
y synthesisers due to phase trun
ation,� Ele
troni
s Letters,vol. 39, no. 6, pp. 499�501, Mar. 2003.[40℄ D. H. Guest, �Simpli�ed data-transmission 
hannel measurements,� Hewlett-Pa
kard Journal, vol. 26, no. 3, pp. 15�24, Nov. 1974.[41℄ H. T. Ni
holas, H. Samueli, and B. Kim, �The optimization of dire
t digitalfrequen
y synthesizer performan
e in the presen
e of �nite word length e�e
ts,�in Pro
eedings of the 42nd Annual Frequen
y Control Symposium, Baltimore,USA, Jun. 1988, pp. 357�363.[42℄ J. A. Crawford, Frequen
y synthesizer design handbook. Arte
h House, Jun.1994.[43℄ D. Brandon, �DDS design,� EDN, pp. 71�84, May 2004. [Online℄. Available:http://www.edn.
om/design/test-and-measurement/4332832/DDS-design[44℄ J. E. Volder, �The CORDIC trigonometri
 
omputing te
hnique,� IRE Transa
-tions on Ele
troni
 Computers, vol. EC-8, no. 3, pp. 330�334, Sep. 1959.



[45℄ M. Stitt and W. Meinel, �OPT201 photodiode-ampli�er reje
ts ambient light,�Burr-Brown, Appli
ation Bulletin 61, Nov. 1993.[46℄ M. Ellmeier, �In�uen
e of 
hara
teristi
 parameters on the performan
e of a
oupled dark state magnetometer,� Diploma thesis, University of Graz, Austria,O
t. 2011.[47℄ �About lo
k-in ampli�ers,� Stanford Resear
h Systems, Appli
ation Note 3, Jan.2004.[48℄ C. A�olderba
h, A. Nagel, S. Knappe, C. Jung, D. Wiedenmann, andR. Wynands, �Nonlinear spe
tros
opy with a verti
al-
avity surfa
e-emittinglaser (VCSEL),� Applied Physi
s B, vol. 70, no. 3, pp. 407�413, Mar. 2000.[49℄ S. Knappe, M. Stähler, C. A�olderba
h, A. V. Tai
hena
hev, V. I. Yudin, andR. Wynands, �Simple parameterization of dark-resonan
e line shapes,� AppliedPhysi
s B, vol. 76, no. 1, pp. 57�63, Jan. 2003.[50℄ H. P. Geering, Regelungste
hnik: Mathematis
he Grundlagen, Entwurfsmetho-den, Beispiele, 5th ed. Berlin; Heidelberg; New York: Springer, 2001.[51℄ W. Demtröder, Laserspektroskopie: Grundlagen und Te
hniken, 5th ed. Berlin;Heidelberg; New York: Springer, Jul. 2007.[52℄ �Op amps for everyone,� Texas Instruments, Design Referen
e SLOD006B, Aug.2002.



Author's Publi
ationsReferred Arti
les and Conferen
e Pro
eedingsA. Pollinger, R. Lammegger, W. Magnes, M. Ellmeier, C. Hagen, I. Jernej, W. Baumjo-hann and E. Leitgeb, �Prototype of a Coupled Dark State Magnetometer,� submittedas journal paper to Measurement, S
ien
e and Te
hnology, Apr. 12, 2013.The paper introdu
es the measurement prin
iple, the instrument design,the required resour
es and the performan
e measurements of the �rst CDSMprototype.A. Pollinger, M. Ellmeier, W. Magnes, C. Hagen, W. Baumjohann, E. Leitgeb, andR. Lammegger, �Enable the inherent omni-dire
tionality of an absolute 
oupled darkstate magnetometer for e.g. s
ienti�
 spa
e appli
ations,� in Instrumentation andMeasurement Te
hnology Conferen
e (I2MTC), Graz, Austria, May 2012, pp. 33�36.The paper dis
usses the te
hni
al realization of the CPT resonan
e swit
h-ing, investigates the in�uen
e of this transition on the magneti
 �eld mea-surement and proposes a method to dete
t the angle of the magneti
 �elddire
tion in relation to the opti
al axis.R. Du�ard, K. Kumar, S. Pirrotta, M. Salatti, M. Kubínyi, U. Derz, R. M. G. Army-tage, S. Arloth, L. Donati, A. Duri
i
, J. Flahaut, S. Hempel, A. Pollinger, andS. Poulsen, �A multiple-rendezvous, sample-return mission to two near-Earth aster-oids,� Advan
es in Spa
e Resear
h, vol. 48, no. 1, pp. 120�132, Jul. 2011.The paper presents the work developed at the 2008 Summer S
hool Alp-ba
h,"Sample return from the Moon, asteroids and 
omets" organized bythe Aeronauti
s and Spa
e Agen
y of the Austrian Resear
h PromotionAgen
y.A. Pollinger, W. Magnes, A. Valavanoglou, and H. Otta
her, �Design of a 
ommuni-
ation and power supply system providing the spa
eborne magnetometer front-endASIC at remote lo
ations,� in 6th International Symposium on Communi
ation Sys-tems, Networks and Digital Signal Pro
essing (CSNDSP), Graz, Austria, Jul. 2008,pp. 722�725.



The paper investigates future interfa
e options to lo
ate the magnetometerfront-end ASIC (MFA) 
lose to the sensor in order to minimize the e�ortof 
abling and to redu
e overall weight. The MFA reads out magneti
 �eldsensors based on the �uxgate prin
iple.Conferen
e Pro
eedingsA. Pollinger, R. Lammegger, W. Magnes, M. Ellmeier, W. Baumjohann, and L. Wind-holz, �Control loops for a 
oupled dark state magnetometer,� in IEEE Sensors 2010,Kona, USA, Nov. 2010, pp. 779�784.The paper dis
usses the �rst two 
ontrol loops whi
h are developed fortra
king the magneti
 �eld dependent CPT resonan
es and for avoidingdrifts of the 
arrier frequen
y of the laser diode. It is the �rst time that amagnetometer of this type is operated in a 
ontrol loop and that measure-ment results are presented.Oral and Poster PresentationsA. Pollinger, M. Ellmeier, W. Magnes, C. Hagen, W. Baumjohann, E. Leitgeb, andR. Lammegger, �Instrument design of the 
oupled dark state magnetomter (CDSM),�International S
ienti�
 CNRS Fall S
hool 2012 High Sensitivity Magnetometers "Sen-sors & Appli
ations", Branville, Fran
e, O
t. 2012.M. Ellmeier, R. Lammegger, A. Pollinger, W. Magnes, and L. Windholz, �Measure-ment prin
iple of the 
oupled dark state magnetometer (CDSM),� International S
i-enti�
 CNRS Fall S
hool 2012 High Sensitivity Magnetometers "Sensors & Appli
a-tions", Branville, Fran
e, O
t. 2012.M. Ellmeier, R. Lammegger, A. Pollinger, W. Magnes, and L. Windholz, �Omni-dire
tional magneti
 �eld measurement by means of the 
oupled dark state magne-tometer (CDSM),� Jahrestagung Österrei
his
he Physikalis
he Gesells
haft (ÖPG),Graz, Austria, Sep. 2012.A. Pollinger, M. Ellmeier, W. Magnes, C. Hagen, W. Baumjohann, E. Leitgeb, andR. Lammegger, �Enable the inherent omni-dire
tionality of an absolute 
oupled darkstate magnetometer for e.g. s
ienti�
 spa
e appli
ations,� Instrumentation and Mea-surement Te
hnology Conferen
e (I2MTC), Graz, Austria, May 2012.



Author's Publi
ations 98A. Pollinger, R. Lammegger, W. Magnes, M. Ellmeier, C. Hagen, I. Jernej, andW. Baumjohann, �CDSM roadmap and instrument design for EMS,� 4th Magne-tometer Workshop, Sigüenza, Spain, Jul. 2011.A. Pollinger, R. Lammegger, W. Magnes, M. Ellmeier, C. Hagen, I. Jernej, andW. Baumjohann, �CDSM LF ele
troni
s and 
ontrol loops,� 4th Magnetometer Work-shop, Sigüenza, Spain, Jul. 2011.M. Ellmeier, R. Lammegger, A. Pollinger, W. Magnes, and L. Windholz, �Investiga-tion on a 
oupled dark state magnetometer,� 43rd Congress of the European Groupon Atomi
 Systems (EGAS), Fribourg, Switzerland, Jun. 2011.A. Pollinger, R. Lammegger, W. Magnes, M. Ellmeier, W. Baumjohann, and L. Wind-holz, �Control loops for a 
oupled dark state magnetometer,� IEEE Sensors Confer-en
e, Kona, USA, Nov. 2010.A. Pollinger, R. Lammegger, W. Magnes, M. Ellmeier, W. Baumjohann, and L. Wind-holz, �CDSM - A new s
alar magnetometer,� EGU General Assembly 2010, Vienna,Austria, May 2010.A. Pollinger, R. Lammegger, W. Magnes, M. Ellmeier, W. Baumjohann, M. Volwerk,L. Windholz, and M. Dougherty, �CDSM - A new s
alar magnetometer,� 3rd instru-ment workshop for the Europa Jupiter System Mission, European Spa
e Resear
hand Te
hnology Centre (ESTEC) in Noordwijk, the Netherlands, Jan. 2010.L. Windholz, W. Magnes, A. Pollinger, M. Ellmeier, and R. Lammegger, �A 
oupleddark state magnetometer,� 41st European Group on Atomi
 Systems Conferen
e,Gdansk, Poland, Jul. 2009.W. Magnes, A. Pollinger, A. Valavanoglou, and H. Otta
her, �Design of a 
ommuni-
ation and power supply system providing the spa
eborne magnetometer front-endASIC at remote lo
ations,� 6th International Symposium on Communi
ation Systems,Networks and Digital Signal Pro
essing (CSNDSP), Graz, Austria, Jul. 2008.


