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Abstracts

Abstract Résumeé Zusammenfassung

The number of microwave inte- Pendant les derniéres années leAls Folge der immer héheren Tré-

grated circuits (IC) has increased nombre de Circuits Intégrés (Cls) gerfrequenzen hat die Anzahl von
in recent years following the trend micro-ondes a fortement aug- Integrierten Schaltungen (IS) bei

towards higher carrier frequen- Menté suite a I'utilisation de fré- Mikrowellenanwendungen in letz-

cies. This kind of IC is commonly duences porteuses de plus en pluger Zeit stark zugenommen. Haufig
élevées. Ces types de Cl sont tréeswerden solche IS in der Telekom-
fréequemment utilisés dans les munikation eingesetzt, zum Bei-

télécommunications, dans I'équi- spiel in Mobilfunktelefone oder fiir

- e pement pour des téléphones porta-Satellitenkommunikation. Fir die

for satellite communications. The pies oy pour la communication Weiterentwicklung solcher Schalt-

possession of simulation software gateliite. Pour le développement et kreise ist es wichtig iiber geeignete
and probing tools is vital for fur- amélioration des Cls, il est Simulations- und MeRinstrumente
ther development of such ICs. important d'avoir a disposition zu verfiigen. So kdnnen die

These tools can localize the criti- des outils de mesure et de simula- Schwachstellen der Schaltungen lo-
cal points in the IC and so the de- tion. Avec ces outils, on peut loca- kalisiert und behoben werden. Da
sign can be improved. liser les points critiques et la con- 1S nur Uber eine beschréankte An-
Considering that an IC has a limit- Ception’ peut étre améliorée. zahl von Ein- und Ausgénge verfi-

ed number of input and output Cons@erant que le nombre g_en,lst es eine schwlerlge_Aufgabe,
d’entrées et de sorties d’'un Cl est die elektrischen Signale in den IS
limité, la mesure des signaux élec- zu messen. Mehrere verschieden
trigues dans un CI est une tache Me3methoden fur das charaktersie-
i . délicate. Plusieurs techniques deren von IS basierend auf unter-
techniques based on different ap- megyre ont donc été proposées ceschiedlichen Ansatzen existieren
proaches were proposed and de-geriers temps ou sont en cours deoder sind in Entwicklung.

veloped recently. développement.

used in telecommunications
where they can be found in cellu-
lar phone equipment or in devices

ports, it is rather difficult to char-
acterize the electrical signal inside
an IC. Several different probing

In dieser Doktorarbeit konzentrie-
In this thesis we focus on the prob- Cette thése est centrée sur le son-ren wir uns auf das Ausmessen von
ing of Microwave Monolithic In- dage des circuits Microwave “Microwave Monolithic Integrated
tegrated Circuits (MMIC) made of Monolithic Integrated Circuits Circuits” (MMIC) auf der Basis
Gallium Arsenide (GaAs). The (MMIC) a base d'Arséniure de von Galliumarsenid (GaAs). Die
basic idea is to exploit the electro- Gallium (AsGa). L'idée princi- Grundidee ist, die elektro-optische
optic properties of the semicon- E)ale est d’_epr0|ter les pr_oprlétés Eigenschaft des HaIbIeﬂermgtenqls
électro-optiques du semiconduc- GaAs auszunutzen. Dazu wird ein
teur. Un faisceau laser est focalisé Laserstrahl auf die auszumessende
S .~ sur le circuit testé. Considérant Schaltung fokussiert. Da GaAs fir
SDUT)' Cons:dermg that GaAs is que le AsGa est “transparent” diese Wellenlange “durchsichtig”
transparent” for the chosen ., |5 jongueur d'onde choisie, ist, wird ein Teil des Laserstrahls
wavelength, a part of the laser | faisceau entre dans le compo- erst an der Ruckseite des Halblei-
beam will enter the substrate and sant et il se réfléchit sur la face ters reflektiert. Der reflektierte La-
will be reflected from the back arriére. Le faisceau réfléchi est serstrahl wird in Funktion des
face of the device. The reflected modulé en fonction du signal gesuchten Mikrowellensignals mo-
laser beam will be modulated in micro-onde recherché car les pro- duliert, da die optischen Eigen-

ductor. We focus a laser beam
onto the Device Under Test

Vii
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function of the microwave signal priétés optiques de I'AsGa dépen-schaften von GaAs von diesem
sought after as the optical proper-dent de ce parametre. Nous pou-Parameter abhéangen. Diese Modu-
ties of the GaAs substrate depend/Ons mesurer cette modulation etlation kann ausgemessen werden
on this parameter. We can measurd'0US pouvons en déduire le champund so kann das elektrische Signal

this modulation and hence we can¢lectrique dans le CI. bestimmt werden.

determine the microwave electric

. . L'objectif de cette thése est la cons-Das Ziel dieser Doktorarbeit ist die
field inside the device.

truction d’'un prototype basé sur desRealisierung eines Prototypen eines
travaux précédents réalisés dandveRgerate basierend auf vorherge-
4 7" notre laboratoire. Le but principal henden Arbeiten. Da das MeRRgerat
struction of a prototype of a probing et yne conception simple avec desndglichst einfacher sein soll, und
tool based on previous work in our ¢ots de matériel faibles. Par consédie Materialkosten niedrig gehalten
laboratory. The aim is a simple set- quent on n'utilise que des compo- werden miissen, werden nur Stan-
up with low material costs. As a sants standards. Le progrés de lalardkomponenten eingesetzt. Die
consequence we use only standardhése présentée est [utilisation Neuerungen bei dieser Arbeit sind
equipment. The essential improve-d'équipements nouveaux nettemenider Einsatz von aktueller, leistungs-
ment of the presented work is the plus performants. En particulier on fahigerer Ausrustung: Es werden
use of new and more powerful qtilis_e des fit?rgs amaintien de ppla— pplarisationsgrhaltende Glasfa§ern
equipment. Explicitly we use polar- rlsatlon, on e_\/|te toutes les mampu-emgesetz}, die _Laserstrahlmanlpu-
ization maintaining fibers, we avoid Ifat|ons du faisceau laser en gs.pacéatlon.en im fre|en Raum werden
. libre et on renouvelle les logiciels vermieden und die Computerpro-
all free space setups and we review,, o ) ) .
L d’acquisition. De plus on traite grammierung der Instrumente wird
the acquisition software. Further- guelgques problémes théoriquesverbessert. Zusatzlich schlie3en wir
more we have a look at some theo-pggjigés dans les travaux précénoch einige Liicken in der Theorie:
retical problems neglected in the gents: par exemple, on vérifie la Wir berechnen den EinfluR auf die
previous thesis e.g. we calculate theyalidité de nos résultats de sondageMeRresultate, wenn die Richtung
influence of the electric field direc- si la direction du champ électrique des zu messenden elektrischen Fel-
tion on the probing results. n'est pas connue exactement. des nicht genau bekannt ist.

The goal of this thesis is the con-

In this thesis, we describe the devel-Dans cette thése nous décrivons ldn der vorliegenden Arbeit be-
opment of the probing tool as well développement de l'outil et les schreiben wir die Entwicklung des
as the obtained results. We demon/€ésultats  correspondants. NousMeRgerates und die erzielten Er-
strate the agreement between th&lémontrons que les résultats mesugebnisse. Wir zeigen, dai3 die expe-
experimental measurements and th&€s corfre;pondent avec la descrlpﬂmentellen R(_asultate We|tgehend
. o tion théorique. Nous illustrons que mit der theoretischen Beschreibung

theoretical description. We show . N L . .

that be th . nous pouvons mesurer un signaliibereinstimmen. Wir demonstrie-
_a we F:an pro e__ ? MICTOWAVE icro-onde avec une sensibilité ren, dal3 wir ein Signal mit einer

signal with a sensitivity of about yenyiron 2 mv/./Hz] et que la Sensitivitat von2[ mV/ /Hz] aus-
2[mV//Hz] and that the opera- fréquence opérationnelle de I'outil messen kénnen und daf die maxi-
tional frequency of the probing tool de sondage est seulement limitéemale Arbeitsfrequenz nur durch die
is only limited by the characteristics par les caractéristiques de la photo-Eigenschaften der Photodiode und
of the photodiode and the corre-diode. Un autre objectif de ce tra- dem dazugehorigen Verstarker be-
sponding amplifier. On the other vail fut de trouver les limites tech- grenztwerden. Wir erortern die we-
hand, we analyze the major techni-niques et leurs origines. Dans cesentlichen technischen Probleme
cal problems. Therefore we men-contexte nous avons di constater laind ihr Urspriinge: Dazu zahlen die
d dépendance de la polarisation et deCharakteristik der Laser-Quelle
polarization of the laser source usedIa puissance de la source I:';lser er(Var|§1t|or_1 der qutung als auch Qer
. fonction de la longueur d’onde. Polarisation). Eine weitere Schwie-

for probing and we analyze the N T R )
Nous analysons le probléme de larigkeit war das adaquate Fokussie-

problems of adequately focusing ocqjiation adéquate du faisceauren des Laserstrahls auf die
the laser beam onto the IC. laser sur le CI. Schaltung.

tion the variation in power an
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| ntroduction

In the last few years, the use of electronic equipment increased constantly following the rapid de-

velopment of computer technology, mobile phones and satellite communication. The steady trend
towards faster and more powerful equipment as well as the limitation of frequency forced a devel-

opment toward higher and higher frequencies. Hence numerous new electronic applications ap-
peared and the part of microwave devices grew quickly.

For the development, design and production of new integrated electronic devices, it is important to
have powerful design and probing tools to characterize your new device. There are several possibil-
ities to determine the characteristics of an Integrated Circuit (IC). First you can connect your Device
Under Test (DUT) to electronic measurement equipment like a network analyzer or similar. Unfor-
tunately modern integrated devices consist of a large number of integrated elements and provide a
rather small number of output and input pins for external connections. So there are a lot of functions
you cannot verify this way. Another method to analyze the characteristics of a DUT is to use a com-
puter to simulate the operation of the device. Apart the fact that your device might be too compli-
cated or not suitable for a simulation, you have to consider that the software will fail to find a
problem if the simulator does not take into account the corresponding (known or unknown) physical
effect. The third approach of characterizing an IC is to measure the electric signal inside the semi-
conductor. This sounds simpler than it is in reality because integrated devices are so complex that
you have to have sophisticated probing techniques to find and acquire your signal.

Parallel with the development of new semiconductors devices, new probing techniques appeared.
These new techniques can probe the electric signal inside the IC. Hence they allow improving the
actual design. They can also provide the data to improve the electrical models of the simulation soft-
ware.

By probing a semiconductor device, you are looking for some specific information or signal data.
In this chapter we will first have a look at the different kind of information, you can acquire by prob-
ing. We will indicate the general condition for the data acquisition. Afterwards we will investigate
several “state of the art” probing techniques.

1 Requirements for Probing

1.1 Requested Information

Before we discuss the different measurement techniques, we should think what kind of information
we want to acquire with our measurements. Depending on our goal we might have different interests
in different information.
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One goal might be to probe the electric or magnetic field distribution inside integrated devices. In
the case of a “perfect” probing, it would be possible to measure all field components (x, y or z) of
the electric E(r) ) or magnetic field{(r) ) including their phase shifahd( respectivelyfor any
possible position r (Equation (1)).

=i X _.Zx
Ex(r)e'¢ ® Hx(r)eI ®
—>

ED = |, (e " or H() = H (e o )

—i9,(r)

-z,
E,(ne 0

H,(r)e

If you have the distribution of your electric field inside your device, you can determine almost all
other parameters. For example you can use the field distribution to detect cross talking between par-
allel wave guides, you can use it to approve an electrical model of a transistor or you can determine
the characteristics of antennas.

If you are debugging or designing an IC for Radio Frequency (RF) applications your basic interest
is not the electric field distribution all over your device. You are much more interested in the behav-
ior of parts of your device. This can be described by the two-port matrix (Figure 1) under the condi-
tion that the output and input impedance are well known. So you can analyze what each IC-part is
doing and so you are able to locate possible malfunctions. With some probing techniques, you cannot
measure all,g-parameter but only the forward transfer functiog)(s

Input S, S22 Output

Figure 1 S-parameters of two ports are used to describe micro-
wave devices.

For some digital application, it is interesting to observe the propagation of the signal e.g. the clock
signal through an IC. So you want to know when a signal impulse is reaching the transistor at the far
end of your device.

In some cases it might be interesting to measure several defined parameters of your ICs just after the
production of your wafer as quality control before a possible bonding and packaging of your device.
In this case you are not interested in the electric field or the transfer function. You just want the re-
producibility of the measurements.

1.2 General qualities for probing

We list below the qualities for a ‘good’ probing technique:

i) The measurement technique should be ‘non destructive’ and not require to modify the
DUT. It would be a disadvantage if you have to remove passivation layers or if you
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would have to establish supplementary connections to probe your signal.

Your measurement techniques should not have any or only very small influence on the

signals in the ICs. In some cases the probe itself introduces a supplementary resistor,
capacitor or inductance in the setup and so it influences the signal on the chip and the
measurements will be systematically wrong.

The frequency bandwidth of the measurement techniques should be so that you can op-
erate your device at any requested frequency. This implies that your system has to op-
erate at 40 [GHz] or even at higher frequencies.

The cost for the probing tool should be ‘reasonable’.

If your are interested in mapping the electric field in an IC, you will have to acquire a
big number of data points. So you have to make sure that one acquisition does not take
a prohibitive long time.

The required signal to noise ratio of the measurement system, which defines the small-
est detectable signal, should be as high as possible.




Introduction

2 Several methods for chip characterizations

There are several measurement techniques for integrated devices based on different physical effects
and metrological setups. Each approach operates in a slightly different way and leads to different re-
sults. There are also very specific advantages and disadvantages for each type of measurement tech-
nique. For the understanding of the advantages of a specific method, it is interesting to understand
the weak points of other setups. So we will have a look at some “state of the art” probing techniques.

2.1 Probing with a mechanical tip

The probing with a mechanical tip consists in placing a metal tip in contact with the metal layer
(Figure 2). A travel translation stage is used to place the mechanical tip on the surface of the semi-
conductor and an optical microscope monitors the actual tip position. The other end of the metal tip
is connected to an instrument for the signal analysis of the microwave signal. The metal probing
technigue is common and several commercial solutions are available.

The mechanical probing with a tip is one of the simplest methods for debugging ICs. There are no
semiconductor material or layout properties required. You can even use the mechanical probe to
force an electrical signal into any point of the IC by connecting the probe to a signal generator.

Hole in Passivation Metal Tip Instrument
Layer i (e.g. Spectrum Analyser

== -{

|

Semiconductor with o
Metal Structure 50Q Input Inpedance

Figure 2 Probing with a mechanical tip.

On the other hand there are several weak points for the probing with a metal tip apart the fact that it
is potentially destructive. First there has to be no passivation layer to provide direct access to the met-
al layer. Also your probing point should not be hidden by another metal structure or other vital part
of the IC. If you want to probe an already protected chip you need some facilities for removing its
passivation layers. But the passivation is not the only problem. Some other problems arise if you try
to probe highly ICs at microwave frequencies.

Putting a mechanical probe connected to an instrument onto a metal layer induces another capaci-
tance into your IC. Depending on the length of your tip and the signal frequency, you even risk hav-
ing an emitting antenna just in front of your DUT. Another inconvenience is the fact that most
microwave instruments have an input impedance dit30to avoid introducing reflections. So by
analyzing the signal you risk to add a supplementary impedance to your device.

Another drawback with this probing technique is the decreasing size of the metal structure of IC to
a size below the wavelength of visible light (about Qug]). So it is not possible anymore to use
standard optical microscopes. Hence you have to look for other possibilities to adjust the position of
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your metal tip on your IC.

The drawbacks of the mechanical probing caused the research for other more sophisticated probing
techniques.

2.2 Probing with an antenna

Another technigue of probing a device is to use small antennas to measure the electric field just
above the surface of the circuits as proposed in [ 47 ]. By using a unipolar antenna made of a coaxial
cable, it is possible to probe the electric field normal to the surface as shown in Figure 3. With a
bipolar antenna it is possible to sense the electric field parallel to the surface. By calibrating the an-
tennas with a known electric field, it is possible to investigate the x, y and z component of the elec-
tric field above the circuit.

Unipole electric ~ Dipole electric
field probe field probe

Figure 3 Probing of the electric field above the surface of a cir-
cuit [47].

The problem of this technique is its coarse spatial resolution. Hence it is generally used for the char-
acterization of “large” devices like patch antennas.

2.3 Optical probing of Silicon CMOS integrated circuits

Considering that Complementary Metal-Oxide Semiconductors (CMOS) made of silicon substrate
is the most widely used type of IC, we present a short overview of two non-destructive CMOS based
probing techniques.

2.3.1 Hot luminescence technique

With hot luminescence technique ([13], [ 14] and [ 15]), we can probe field effect transistors
(FET) which are standard elements of a CMOS device. When a FET is conducting an electric
current, there are free electric charges (electrons for a n-type FET and holes for a p-type FET)
moving in the transistor channel. The free carriers are accelerated by the strong electric field inside
the transistor until they scatter with lattice vibrations, impurities or other carriers. Then the cycle of
acceleration and scattering restarts. During this acceleration, the energy of the mobile carrier is
increased. So some carriers can acquire a kinetic energy of ufed Hlue to the electric field of

up to 1@ [V/cm]. These interactions heat up the mobile carrier as well as the lattice and so the
energy distribution of the mobile carrier is changing. The energy distribution can be described by
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the Boltzmann distribution (Equation (2)),

Ao
Pde °© (2)
where P is the probability that a carrier has a given kinetic energy, k is the Boltzmann constant, U

the kinetic energy level andglrepresents the effective temperature. Typical values gdofelec-
trons in FET transistors are as high as 2000-38(0So these electrons are called ‘hot carriers’.

In a conducting transistor, energy states in the conduction band can become occupied which would
rest unoccupied in the absence of an electric field. These include also states directly (same wavevec-
tor) above the lowest conduction band. These new occupied states introduce the slight possibility of
a light emitting transition down to the lowest level of the conduction band and hence the generation
of photon.

In a silicon n-type FET there are only a few photons generated per second and the generation is even
weaker in the case of p-type transistor. But the emission is strong enough to be detected by sophis-
ticated photo multiplier systems or to be converted into an electric signal by sensitive avalanche pho-
todiode. Considering that the emission is proportional to the current or the electric field in the
transistor, we can determine if a device is switching or not (Figure 4).

One possible application of the hot luminescence technique is the observation of the propagation of
the clock signal in an IC (Figure 5). When the clock arrives to a logical gate, it causes a switching or
no switching of the logical gate. If the gate is switching, there will be a current in the transistor and
this current causes the generation of some “hot luminescence” photons which can be detected. By
monitoring the entire chip with a sensitive camera, triggering the acquisition with a delay to the clock
signal and by averaging the data acquisition over several hours you can monitor the propagation of
the signal.

10-100 psec
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Figure 4 Basic idea of hot luminescence technique: Th€igure 5 One possible application of hot luminescence

switching current in logic gates (e.g. inverter) causes thechnique: The “hot spots” indicate the location of the

generation of some photons [ 13]. switching transistors. So we can observe the propagation
of the clock inside an IC.

T=0ps T=500ps T=1000ps

The advantage of the hot luminescence technique is that it can be used for almost all modern CMOS
devices assembled in flip-chip packages. The disadvantages are the fact that you need very sensitive
equipment to monitor the luminescence and so you can only approximate the voltage or current in-
side a transistor. Also the transistor under test has to be visible and should not be hidden by another
element of the IC.
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2.3.2 Laser Voltage Probing

For the Laser Voltage Probing (LVP) ([ 13 ],[ 15]and[ 16 ]) alaser beam of a well specified wave-
lengthA is focused on a p-n junction in the silicon CMOS DUT. The principle is that the reflection
of the laser beam will change in function of the strong electric field inside the p-n junctions
(Figure 6) due to the variations of optical absorption in the semiconductor.
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Figure 6 Basic idea of LVP: A laser beam is focus on arigure 7 Measured electro-absorption in heavily doped
p-n junction and its reflections change in function of they+ silicon substrate as a function of the laser wave-
electric field in the junction [ 16 ]. length [16].

The absorption coefficient of undoped silicon changes in function of the wavelength of the incident
laser beam. If the energy of the photons is larger than the band gap of silicon (typically higher than
1.12[eV]=1.80101°[J] or shorter than 1.0fum] for the wavelength of the laser beam) the pho-
tons will be absorbed and causes the generation of a hole/electron pair. If the energy of the incident
photon is smaller (wavelength longer than 1[Q6n]) it will not interact with the semiconductor lat-

tice. Hence the silicon is transparent. In a p-n junction the silicon is heavily doped and there might
be also a strong electric field (~1v/cm]). The band gap and so the optical properties or the ab-
sorption of silicon will change with these two parameters.

There are several physical effects having an influence on the optical properties of a p-n junction.
The most important in the case of LVP is the electro-absorption or photon-assisted tunneling. The
presence of a strong electric field in a p-n junction causes the generation of tunneling states in the
forbidden energy gap near the edges of the conduction and the valance bands. These tunneling states
induced by the electric field reduce the size of the band gap of the substrate. This phenomenon is
called the Franz-Keldysh effect. It changes the absorption coefficient if the energy of the incident
photons are about the same value as the band gap of silicon (Figure 7) as the energy gap of the semi-
conductor is changing slightly in function of the applied electric field.

The measurement setup in (Figure 6) shows a pulsed mode locked laser with a wavelength of
1.064[um] which is focused from the backside of a flip-chip mounted IC onto a p-n junction. The
reflection is recollected by the same lens and is transported to a photo detector where the laser beam
is converted into an electric signal. Considering that the absorption variation is rather weak, a stro-
boscopic detection technique is used to recover the waveform of the signal (Figure 8).
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Figure 8 Schematic diagram showing the principles of strobo-
scopic sampling. In such setup the bandwidth is normally limited
to about 0.363t, wheredt is the pulse width of the laser pulse. In
the case of a laser pulse width of Bi you can sample signals
up to 10[GHZ] [ 16 ].

The advantages of the LVP technique are its high bandwidth and the fact that it can test flip-chip
devices in its packages except for devices with an absorbing substrate. There you would have to re-
move a little bit of the substrate to decrease the absorption. The disadvantages is that the spatial res-
olution is limited by the spot size of the laser beam and the fact that you can only probe in doped
regions (e.g. transistors) of your integrated device.

2.4 Electron Beam Probing

For Electron Beam Probing ([17], [18],[19] and [ 20]) the DUT is placed in vacuum and a
pulsed electron beam is focused on the DUT. The impact of the electron beam on the surface of the
device causes the generation of so-called ‘secondary electrons’. The number of ‘secondary elec-
trons’ depends on electric potential of the surface around the impact spot. The collection of this ‘sec-
ondary electrons’ allows the detection of the local electric field.

The setup of an electron beam probing system consists of several parts (Figure 9). An electron source
and an accelerating anode are providing and electron beam with a typical energy of 5J@>500

for the electrons. The electron beam passes then a blanker system that can generate short pulse of a
pulse width of down to $pg [ 19 ]. In the next stage, the electron beam is focused on the chip by a
system of electric lenses to a spot size of aboUgdg]. On the IC the primary electrons of the inci-

dent electron beam interact with the atoms of the surface. The interaction causes the generation of
secondary electrons with energy ranging frofre¥] up to 20[eV] [ 20 ]. The number and energy

of secondary electrons depend on the electric potential of the surface around the impact of the elec-
tron beam. The secondary electrons are collected by an electric or a magnetic extractor system and
they are guided to a detector system and converted into an ‘electric’ signal.

For the probing of microwave signal, a stroboscopic setup up is used (Figure 8). So with a pulse
width of down to 5[pg, you can probe signals with a frequency up to about@az]. If we are in-
terested in a microwave signal, you do not even have to remove the passivation layer of the DUT.
The alternating electric potential is passing the passivation like a capacitance. By having some losses
you can even probe electrical signal which are buried by several non-conducting layers. Only if you
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are interested in the continuous electric potential (DC offset), you have to have direct access to the
metal structure. Hence you have to ‘drill’ holes into the passivation layer.

Electron Source @

Accelerating Anode| L J

Beam Blanker [ ]
Lens System N N

A A Secondary Electron
Detector and Amplifie
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Extraction Device

Device Under Test
with Metal Structur

Figure 9 Electron Beam Probing in a vacuum tube [ 20 ].

The advantages of the electron beam probing are its excellent spatial resolution (ajgoul)%hd

the fact that it is a rather experienced method and that commercial tools are available. On the other
side there are problems with measurement at high frequencies. In this case you have to have a care-
ful design for your blanker and extraction system to avoid influence to the electric signal in the cir-
cuit under test.

2.5 Sampling Force Probing

A recent and commercially available method of probing the microwave signal inside an IC is the
Sampling Force Probing techniques ([211], [22 ] and [ 23 ]). It is based on the fact that the small
metal tip of a micro-machined cantilever probe and the metal structure form a capacitance
(Figure 10). If the voltage applied to the capacitance is changing there is an electrostaticeF
induced to the probe.

0
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In Equation (3) ¥ropeis the voltage of the probe;uis the seeked signal ang,@,y,z) is the value

of the capacitance at the given position x, y and z. By sensing the deflection of the probe and by
knowing its spring constant, it is possible to calculate the electrostatic force and so to measure the
voltage between the tip and the chip.

The problem of this approach is that above a certain frequency, typically abolkH@[ the re-

sponse of the probe becomes very small and it is not possible to execute a data acquisition anymore.
But there is a simple way to overcome this limitation. According to Equation (3) the response of the
probe is proportional to the square of the applied voltage. So we can use this non-linearity to down
convert the signal frequency to a range where the probe is able to response to it.
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Figure 10 Basic idea of Sampling Force Probing: AFigure 11 Schematics for a heterodyne setup [ 22 ].
metal tip and the structure forncapacitance

There are several possible setups for the down-converting of the signal frequency. We will have a
look at a common configuration displayed in Figure 11 [ 22 ]. The basic idea is to apply a modulated
voltage Vprope = (A +Kcog(wt)) Ccos(weet +@,) to the probe. A, K andy are free parame-

ters, wreis the signal frequency of your IC ang is the resonance frequency of the micro-machined
cantilever probe.

Azl = QF,/k (4)

In Equation (4) we model the spring force, vhereaz is the displacement of the probe, Kk is its
spring constant and Q the quality factor. Hence we can deduce the displacement of the probe
(Equation (5)).

8205 T2.C, (A -V .05 Gorape @)K cOS0) ()

If we control the three free parameters A, K agdn a way that the displacement becomes zero we
can calculate the signal amplitudg &nd its phase.. Hence we do not even have to know the pa-
rameters ¢, Q and k to determine the voltage between the probe and the metal layer.

The other advantages of the sampling force probe technique are its high spatial resolution (the size
of the tip is about 50nm]), the high dynamic range of about fiB] [ 21 ] and the fact that the mea-
surement technique is independent of the semiconductor material. Compared to other measurement
techniques, itis also an advantage that you measure the voltage between one point of the metal struc-
ture on your IC and ground and not like in other techniques the electric field outside your integrated
chip under test.

On the other side you need special equipment to suppress interfering vibrations and it requires a com-
plicated setup to down convert the frequency to the resonance frequency of the probe. Also it is not
possible to measure beside the metal structure to map the entire electric field distribution.

2.6 External Electro-Optic sampling

A crystal consists of nucleus and electrons with positive and negative electric charges ([ 27 ],[ 28],
[29],[30],[31],[32] and [ 33]). An applied electric field changes the equilibrium position of
the charges. Depending on the material, this process is nonlinear. Under this condition the applied

10
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electric field causes very small variation of the refractive indices. Equation (6) is a typical descrip-
tion of the relation between the electric field E and the refractive index n(E) for an electro-optic
crystal.

n(E) = no—%nsrxxE (6)
N, is the refractive index in the absence of an electric field gpdsrthe electro-optic coefficient
that depends on the material and its orientation. For certain crystals e.g. Gallium Arsenide this effect
is quasi instantaneous and so very interesting for the probing of fast microwave devices. The basic
idea of sensing the electric field in an IC is to place an electro-optic crystal just above the surface of
the DUT. A laser beam is focused into the electro-optic crystal as displayed in Figure 12. The re-
fractive indices change in function of the electric field just above the IC and so modulates the am-
plitude, the polarization or the phase of the laser beam. This kind of probing technique is called
“external electro-optic sampling” as you use an external electro-optic crystal to probe the electric
field.

Different ways are possible to exploit the electro-optic effect. The resulting modulation depends on
the polarization of the laser beam, the lattice of the crystal and the vector of the electric field. In a
common setup, the electro-optic crystal changes the orientation of the laser beam polarization. Af-
terwards the laser beam passes through an analyzer and the intensity of the laser beam becomes pro-
portional to the amplitude of the electric field. This effect is hardly limited in frequency but it has

the inconvenie?zce that it is very weak. The electro-optic coefficiggtsave typically a magnitude

betweenl (10 [m/V] and0 DlUlz[m/ V] depending on the material. So sophisticated mea-
surement techniques are required to probe the electric field.

Figure 13 shows a common setup for external electro-optic probing [ 32 ]. It uses a phase-stabilized
Ti:Sapphire laser, which provides pulses of If¥) at an 80JMHz] repetition rate as a probing
beam. The laser beam pass@gdwave plate and is then focused into the electro-optic crystal. The
reflected beam is analyzed in an analyzer to determine the changes of its polarization state. Harmon-
ic mixing of the seeked microwave signal frequency and an integer harmonic of {M+-&) rep-

etition rate are use to down convert the frequency. So the output signal can be analyzed with a RF-
Lockin amplifier to obtain the amplitude and the phase of the microwave signal.
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Figure 12 Common setup for external probing: An elecFigure 13 Possible approach for the measurement setup
tro-optic crystal is put close to the surface and a lasgfsing a pulsed las¢32 ].
beam is sensing the changes of the refractive index.

The advantages of the external electro-optic probing are its independence of the substrate material.
You can probe all different kind of IC with it without having any trouble with the substrate or its
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passivation. It is also possible to measure all three components of the electric field including its
phase shift by using different electro-optic crystals and by changing their orientation [ 28 ]. One of
the most recent developments are commercial probes that can be connected to a standard oscillo-
scopes [30].
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Figure 14 Simulation of the electric field around a microwave guide on a GaAs sub-
strate at JGHZ] executed with a commercial simulation tool (CST Microwave Stu-
dio). The arrows indicate the direction of the field: its length is proportional to the
amplitude of electric field. The isometric lines (8] per line) illustrate the exponen-
tial decrease of the magnitude.

The disadvantages of the external electro-optic probing is the fact, that you are not measuring the
field in the chip but the electric field above your integrated device. Considering that the electric field
decreases exponentially (Figure 14) with the distance above the substrate, the result depends on the
position of the external probe. So it is not possible to measure the electric field inside a device but
you can characterize the emission of an integrated antenna [ 31 ]. The size of the external electro-
optic crystal (typically 5qum] x 50 [um]) and the diameter of the probing beam inside the crystal
(around 10 im]) limit the spatial resolution. Hence the resulting spatial resolution is rather coarse.
Another inconvenience is the capacitive effect of the probe.

2.7 Internal Electro-Optic Sampling

The approach of internal electro-optic sampling is very similar to the external electro-optic sampling
([34],[35],[36]and [37]). A focused laser beam is modulated by the electro-optic effect and
the modulated laser beam is analyzed afterwards. The difference is the absence of an external elec-
tro-optic crystal. The laser beam is modulated by the electro-optic properties of the substrate itself.
The inconvenience of internal electro-optic sampling is that it is only possible for devices with elec-
tro-optic substrates like Gallium Arsenide (GaAs) or other IlI-V semiconductors.

2.7.1 GaAs based devices and MMIC (Microwave Monolithic Integrated Circuits)
There are several applications for GaAs based IC. Most are linked to the recent boom of cellular
phones and the fiber optical communications networks. So GaAs chips became a common used

semiconductor. Hence the sales of GaAs chips reached a marked of about $3'750 millions in 2000
[40].

12
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The main application of GaAs circuits is the amplification and filtering of the microwave signal.
There is one reason to choose the IlI-V semiconductor GaAs as a material for this kind of circuit
even if it is much more difficult to handle and more expensive to produce than the ‘standard’ semi-
conductor silicon (Si): The electron mobility of GaAs (086%Vs]) is higher than the electron mo-
bility of Si (0.135[m2Ns]). There are several alternative semiconductors for microwave ICs like
Silicon Germanium (SiGe) or Indium Phosphide (InP) but GaAs is still a good choice in terms of
linearity and efficiency at power above about (V8] [ 40 ]. There are also recent attempts to com-
bine GaAs and Si monolithically to explore the advantages of both materials.

One type of GaAs based IC are Microwave Monolithic Integrated Circuits (MMIC). They are used
for new communications applications with frequencies in the microwave range. The difficult and
expensive GaAs technology and the high frequency bandwidth cause the common GaAs MMIC
technology to be rather simple. The circuit consists of a single layer of the GaAs substrate. The
backside of the substrate is covert with a layer of gold and serves as ground for the entire circuit. On
the front side is the layout of the circuits with transistors, resistors, inductances, capacitances and
microwave guides (Figure 15 and Figure 16). The size of these guides is rather wide (wave guides
for analogical applications are typical Liom] wide) compared to recent digital silicon IC with
structures as small as 1[ftm).

Bondin%‘ Structure on Front side 10 um

GaAs

100 m

Back Side (gold)

Figure 15 Setup of a GaAs MMIC. Figure 16 Example of a standard MMIC.

2.7.2 Internal probing

In the internal electro-optic probing of a GaAs chip the laser beam is focused onto the chip as dis-
played in Figure 17. Considering that GaAs is transparent for infrared light, the infrared laser beam
enters the chip, is modulated in the substrate and is reflected backwards.

The laser beam has to have certain properties in terms of wavelength, power and beam waist to make
sure that the internal electro-optic sampling works well without systematic errors. A common setup
for internal electro-optic probing is described in Figure 18. A continuous laser beam of a pigtailed
Distributed FeedBack (DFB) laser is used as a laser source. First it passes a pigtailed optical circu-
lator and it is focused on the chip with a system of lenses. An addition infrared camera displays the
location and size of the laser beam spot on the chip. The reflected beam is recollected by the lens,
reinjected into the optical fiber and passes again the optical circulator. After leaving the circulator
by the port 3, the signal is optically amplified by an Erbium Doped Fiber Amplifier (EDFA) and
filtered optically. Afterwards a fast photo detector converts the laser beam into an electric signal and
a network analyzer is analyzing it.

There are several advantages of internal electro-optic probing. One is the fact, that an external elec-
tro-optic crystal is not needed. So you do not have to place it just above the surface of your die and
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also there is no feedback from this crystal to your MMIC. Also the spatial resolution is better than
with an external approach considering that the spot size of the laser beam is typically between
15[um] and 30[um]. The internal electro-optic probing is also the only approach where you can
measure the electric field inside the substrate. Another advantage is that the passivation of the chip
does not have to be removed as the Qirf] thick SkN,4 passivation layer [ 39 ] is transparent for

the laser beam.

Laser beam Metal Layer Passivation

N .

Electric field Semiconducto

Figure 17 Basic idea of internal electro-optic sam-Figure 18 Setup proposed by [8] for internal elec-
pling. tro-optic probing.

On the other hand there are several disadvantages. You can only sample integrated devices based on
a GaAs substrate. As the electro-optic effect of GaAs is rather weak the resulting signal is very small
and as the laser beam has to enter the substrate, you cannot probe places hidden by wave guides.

2.8 Project for the thesis

The project of this Ph. D. thesis is to realize an internal probing tool for GaAs MMIC as well as to
determine its theoretical and technical limits. The probing tool should be based on standard fiber
equipment and standard microwave equipment. Hence the setup should be simple and “inexpensive”
and should avoid the use of expensive and specially designed tools.

This thesis will continue previous work done in our laboratory. It is based on the results of the thesis
of Quang-Dai Le [ 7 ] and Philipp Olivier Muller [ 8 ]. We will exploit the “basic ideas” of probing

a Fabry Perot cavity with a continuous laser beam proposed in [ 7 ]. This approach has the advantage
that we do not need a pulsed laser and we can avoid the difficulties with the synchronization between
the microwave signal and the pulses of the probing beam. We will also use the proposition made in
[ 8 ] regarding the use of standard fiber equipment and the calibration method for the probing of the
absolute value of the electric field.

The original results of the presented work are the following parts: The previous works did always
the assumption that the direction of the probed electric field is known e.g. parallel to the z-axis. As
this assumption is not always true, we analyze the general case. We calculate the optical axis and
refractive indices in function of the applied electric field and we determine the resulting modulation.
The work presents the first electro-optic probing tool for MMIC using a pigtailed focuser. So we cal-
culated the laser beam diameter and the divergence using the formalism of the Gaussian beam. An-
other important part is the use of new equipment. As fiber optics did a lot a progress in the last time,
this had a major impact on our probing tool. We start using Polarization Maintaining (PM) fibers, a
pigtailed focuser and a powerful, tunable DFB laser.
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This chapter will explain the theory of electro-optic sampling using a Fabry Perot cavity. First we
will have a look at the electro-optic effect in a crystal like Gallium Arsenide (GaAs). We will con-
tinue with the calculation about the behavior of light in a Fabry Perot cavity. Afterwards we will
combine both effects for the calculation of the modulation. At the end of the chapter, we will do some
auxiliary considerations and comparisons.

Most of the following theory is based on the standard description of the electro-optic effect and the
Fabry Perot cavity. The important part of the presented work is the description of our special con-
figuration and its complete deduction. So we can find the origins of problems and explain them. Con-
sidering that some of the mathematical calculations are rather long and complicated, the detailed
deductions are placed in the appendix. So the reader can find the missing parts of the calculations.

3 Electro-Optic Effect

In vacuum or other isotropic materials, the propagation of an electro-magnetic wave does not depend
on the direction of propagation or on its polarization. In such isotropic materials, the electro-mag-
netic wave will always behave the same way. In crystals with periodic structures, the electro-mag-
netic wave propagation will depend on the direction of the propagation as well as on the polarization
of the wave. The properties of certain crystals can be changed by applying an external electric field.
As these changes affect also a laser beam propagating inside the crystal, this type of crystal is called
“electro-optic”.

3.1 General description of the problem

3.1.1 Isotropic and Anisotropic Material

9
In isotropic material the electric polarizatidh  of the material is always parallel to the applied elec-
tric field E. So the dielectric susceptibilifg is a scalar (Equation (7)).

P)( EX
Py = gy K O Ey (7)
P, E

z Z

By using B = 80%+ Ié3 and the relative dielectric constant (1 +X,) we can show that the elec-
tric displacemenD is also parallel to the applied electric field (Equation (8)).
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Dy Ex
Dy = 80 |j‘zr U Ey (8)
D, E,

Under the condition that the crystal is not magnefic=Q) and that it is not absorbing,(real), it is
easy to calculate the refractive index (Equation (9)) and hence the corresponding propagation veloc-
ity of electro-magnetic waves.

n= & ©)

For anisotropic material Equation (7) and (8) are not valid anymore because the material properties
of crystals depend on the crystal axis. So we have to repiabg a [3x3] matrix called the electric
susceptibility tensog  (Equation (10)).

Py X11 X12 X13| |Ex
Pyl = %o DIX21 X22 Xas E, (10)
P, Xa1 Xa2 X33 | Ez

By applyinge = €,(1+%) we get the corresponding dielectric tergsor  (Equation (11)).

Dy €11 €15 €13 |Ex
Dy| = |€21 €25 €23 HE, (11)
D, €31 €32 €39 |E;

For the further calculations we assume that our crystal is homogenous (material properties are iden-
tical for all points in the crystal), nonabsorbent (there is no energy loss in the crystal apdsse

real numbers) and that the material is not magneteX). By using the Maxwell equation [ 11 ] we

can show that the dielectric tensor is symmetrical (Equation (12)) for these conditions.

(12)

For the following calculations, it is useful to define the impermeability temsor  (Equation (13)).

- oreOE_E> = r_]EB (13)

Sinceg is symmetrical its inverse matnixis also.

3.1.2 Electro-Optic properties of Materials

In certain types of crystals, the application of an electric field causes a displacement of parts of the
lattice and its charges. According to the quantum theory, the impermeability tensor depends on the

distribution of the charges in the crystal. Mathematically we can describe this modification of the
impermeability tenson by a Taylor series in function of the applied electric field (Equation (14))

H(-E)) = n(o)+[i,j,k[-E>+§,j,k,l(-E) [E)"' (14)

wheren(0) is the impermeability tensor in the absence of an electric figld(a[3x3x3 matrix)
are the linear or Pockéilectro-optic coefficients; | ([3x3x3x3 matrix) are the quadratic or

1. Effect discovered by the German physicist Friedrich Pockels around 1890.
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Kerr! electro-optic coefficients. The magnitude of the electro-optic coefficient depends on the ma-
terial as well as on its lattice. The higher order terms of Equation (14) are rather small so they can
be neglected.

In our case we are interested in the electro-optic properties of GaAs. So we will examine its imper-
meability tensor and the according material constant for this specific material. For G@)s is
represented by Equation (15). We can see that Equation (15) satisfies the condition of Equation (12).
Hence in the absence of an applied electric field, GaAs is isotropic because the electric field vector
and the electric displacement vector are always parallel.

/n?> 0 0
n® =1 o wn’> o (15)
0 0 Vv

In Equation (16) we have the linear electro-optic coefficient of GaAs written3s3x3 matrix as
well as the applied electric field given in Cartesian coordinates.

00 Ol |0O0r, |0ry0 R E,
fijk =||0 O |0 0 O] |r,, 0 0| @NdE = |E, (16)
Org O] 120 0] [0 O

m

4

The symmetry in Equation (16) imposed by the condition of Equation (12), limits the number of in-

dependent coefficients in the impermeability tensor ([3x3] matrix) to six. Very often this fact is used

to reduce Equation (16) into a [6x3] matrix like Equation (17), easier to represent on a two-dimen-
sional sheet of paper. So each of the six independent coefficient depend&pasivell as E

(17)

fix =

By using Table 1, you can convert the [3x3x3] matrix of Equation (16) into the [6x3] matrix of
Equation (17).

i=1 =2 i=3
ji=1 1 6 5
j=2 6 2 4
j=3 5 4 3

Table 1 Lockup table for the index | that represents the pair of indices (i,j) [
So for the elemeny;ts =5 k=1) you will have to take element(4,1)=1,;.

1. Effect discovered by the english physicist John Kerr around 1875.
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In GaAs the Kerr effect is very weak or with other words, we can neglect the quadratic electro-optic
coefficients. So we can describe the impermeability tensor of GaAs for an applied electrik field
by Equation (18).

1/ng* 14E, T4E,
9
n(E) = |r,.E, 1/n? r,E, (18)
2
r41Ey rqaE 1/ng

It is important to notice that this tensor defines the propagation of an electro-magnetic wave in the
crystal. So this mechanism affects the laser beam as well as a microwave signal traveling across the
crystal.

In the further deductions, we are interested in the propagation of laser beam with a frequency of
V| aser= 193 THZ 1. so for the refractive indexgawe have to taken, (v ,se)= 3.374 according
to[3].

For the electro-optic coefficieng{ the choice becomes more delicate as the coefficient depends on

Vi aser@s Well as on the frequen®y,icowave  Of the applied electric field . In our case the frequency
Vicrowave IS iN the range of 0.1 to 20GHZ. Hence we can use the electro-optic coefficient
F(Vnicrowave) = 1.4010[m/ V] as proposed in [8].

We have to point out that for much higher frequencies ¥aR,owave the electro-optic coefficient

r41(v) becomes negligible. The basic physical concepts of this behavior are understood [ 12 ], but
there are no reliable publications on the cut-off frequency of the electro-optic cgefﬁcient for GaAs.
This “phenomenon” forbids the influence of the electric field of the laser beam(&) and so the
laser beam is modulated by the microwave signal and not vice versa.

3.1.3 Principle of the Ellipsoid

In the previous paragraph we discussed the electro-optic effect and the modification of the imperme-
ability tensor by an applied microwave signal. For the ‘every day calculations’ the use of the imper-
meability tensor or the dielectric tensor is too complicated.

The method to simplify the application of the impermeability tensor is to use the eigenvectors and
the eigenvalues of the tensor in Equation (18). The resulting vector of the multiplication of the ma-

trix with its eigenvector is parallel to the original eigenvector as explained in Equation (19). The ab-

solute value of the eigenvector has to be multiplied with its eigenvalue to get the absolute value of
resulting vector.

M., M, My, |Eigenvectoy Eigenvectoy
M,; My, Myl ClEigenvectoy| = Eigenvalu€lEigenvectoy (19)
M3, M3, Mg, |Eigenvectoy Eigenvectoy|

A symmetrical [3x3] matrix has three eigenvalues and three according eigenvectors. With linear al-
gebra, we can prove that the three eigenvectors for a symmetrical matrix are three orthogonal vec-
tors. Also we can demonstrate that the eigenvectors of a matrix and the eigenvectors of its inverse
matrix are identical.

So the eigenvectors of the impermeability tensor are identical with the eigenvectors of the dielectric

1. Corresponds to a wavelength of 1$601 or a photon energy of 0.§6V].
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tensor. Hence for the direction of the eigenvectors, the electric field is parallel to the electric dis-
placement and the corresponding electric polarization. So for this direction of the electric field, the
electro-magnetic wave is propagating like in isotropic material with a dielectric constant correspond-
ing to the eigenvalues of the dielectric tensor. For optical applications the direction of the eigenvec-
tors are called the ‘optical axes’ of the material.

The Maxwell’s equations are linear so long as the wave power is not strong enough to significantly
perturb the material. So the propagation for the other orientation of the electric field can be described
by projecting the electric field vector on the three eigenvectors and by calculating the propagation
for each component separately (Figure 19).

Crystal Electric field vectc
N
g ? .
Optical Axié =] Projection on
Eigenvectors Optical Axis

Figure 19 Projection of the electric field vector on the eigen-
vectors of the material.

By using the results of Appendix E.1. on page 115, we find the eigenvayes given in
Equation (20) to (22) for the impermeability tensor of Equation (18).

[]
ST i) e (20)
&, = = = E [bosl] O,
1 no ,\/— E 3 E ‘41
g arccosD 3J_E EE %
& = -2 B ko B acr (21)
Cond 0 ° B
E, E E,
O arccosIj 3/32x L= %
£, = 2o = a0 (22)
R 0 ° H

In theif_e_quﬁ.tignstEy and E are the x, y and z component of the applied electric field,

|E| = JE+E.+E’ is the magnitude of the electric fieldgqris the electro-optic coefficient of
GaAs and pis the refractive index in the absence of an (microwave) electric field.

By using the results of Appendix E.2. on page 116 the corresponding non-normalized eigenvectors
are given by Equation (23) to (25). So we can see that the eigenvalues of the impermeability tensor
depend on the electro-optic coefficieni as well as on the amplitude of the applied electric field

and its direction. As the refractive index of the material is a function of the eigenvalues, it will also
depend on these parameters. On the other hand the eigenvectors (which are parallel with the optical
axis of the material) depend only on the directions of the electric field.
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—EXEZ%ECOS(...)—ES,Ei—EyD?J/?]COS( )E? EZ[

Eigenvectoy = with
E/E, + Ex—zl—E—Icos(...)

73
Ijil/l_zl coy.. )D’Z E

1

QatrccosD 3f |E| %

coy...) = cosD
0 3
a EI

(23)

EXEZ%J/-_E]-COS(...)—I@Ef—EyD:QAl/_HCOS( )EF EZE

D]?Al/l_fl coy(.. )D EZZDEEH—E] cos(...)g

Eigenvectoy = with

E EZ—EX%coq...)

E2Fcos( 5 -E?
1

EX E,E,
arccos 3—|——

g 3
cos(... cos%[ E (24)
a

[

EXEZg%coq...)—gEf—%ﬂﬁcod )EF E’

8 cost. ) - & B cost )

Eigenvectog = with
E EZ—EXgLE—Icos(...)

J3
DZF coy(.. )[fz E
1

a
coy(... cos%' +
a

3.1.4 Representation as an ellipsoid

E,E,

arccos%— 3/ 3EX|E—|3
3 (25)

a
d
g

For the visualization and for the application of the results, we use an ellipsoid. The three eigenvectors
define the direction of three axis of the ellipsoid and the eigenvalues indicate the magnitudes of the
axes (Figure 2D
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Figure 20 An ellipsoid with its axis.

For the following deductions, we are interested in the propagation of a laser beam in a given direction
with different states of polarization. This kind of propagation can also be referred to the propagation
of a plane wave. For this analysis, we are only interested in the electric field direction normal to the
propagation direction of the laser beam. Thus we have a look at the intersection of the ellipsoid and
the plane normal to the direction of propagation passing through the origin. We will find an ellipse
like in Figure 21. This ellipse allows us to analyze and calculate the light propagation in this given
direction. So if the polarization is parallel to the axis 1 we have to take into account the refractive
index g1 and the according propagation velocity. If the polarization is parallel to axis 2 we have
to take n\so. For all other polarization, we have to separate our vector into the axis 1 and axis 2
component.

Axis 1

AXxis 2

Origin (0,0)"

Figure 21 Intersection of the plan through the origin
and the ellipsoid.

3.1.5 Classification of different Anisotropic Materials

Material can be classified in function of the resulting ellipsoid. If the ellipsoid is a sphere or with
other words if all three axes have the same absolute value, the material is called an isotropic material
(Figure 22). Most materials and vacuum are isotropic. If only one axis of the three is different, the
material is called a uniaxial material (Figure 24). If all three absolute values are different, the mate-
rial is called a biaxial material (Figure 23).

If there is no electric field applied to a piece of bulk GaAs, it will show an isotropic behavior. In the
next section we will see that under an applied electric field the absolute values of two axis will
change. So with an applied electric field, GaAs becomes biaxial.
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Figure 22 Refractive index in func- Figure 23 Refractive index in func- Figure 24 Refractive index in func-
tion of the angle of light polarization tion of the angle of light polarization tion of the angle of light polarization
for isotropic material. for biaxial material. for uniaxial material.

3.2 Refractive index for different direction of the electric field in GaAs

In the general case, the calculations are still too complicated for further analysis. Equation (20) to
(25) are easier to handle if one or two elements of the electric field vanish.

3.2.1E

Under the condition that we have an electric field parallel to the x-directigra,rﬁ E vanish and
Equation (18) can be rewritten as Equation (26).

1/n? 0 0
9
NE) =] o vn?r,E (26)
0 ruE, 1/n/

The eigenvalues become Equation (27), (28) and (29).

Eigenvalug = = (27)
nO
1-En ’r
Eigenvalug = ——=>2-4 (28)
nO
1+ En,ry
Eigenvalug = ——>— (29)

Ny

The eigenvalues of the impermeability tensor do not correspond to the refractive indices of the ma-
terial but by using Equation (9) and Equation (13), we can extract the requested information. So we
will get the refractive indices for the different optical axes (Equation (30), (31) and (32)).

n, = n, (30)

(31)
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Ny
/ 2
1+ Exno r41

Wecanusel//J1+A=1-1/2A foA«1 aswellas the fact that the paramigeg’r,, « 1 for
a further simplification of Equation (31) and (32). So finally we get the commonly used values for
the different refractive indices (Equation (33), (34) and (35)).

ng = (32)

n, = n, (33)
N =Ny + %nﬁulEx (34)
n; = no_% ngrauEx (35)

For the eigenvectors, we get the following directions (Equation (36), (37) and (38)) expressed in the
X, y and z-coordinate system defined in Figure 25.
] (36)

0
Eigenvectoy = [1] (37)
1

] (38)

o

Eigenvectoy = [

o

|l )

Eigenvectog = [

BN

Crystal

_ Electric Field
E~

Eigenvector
0-11]

| Ellipse
Eigenvector [0 1 1]

Figure 25 Configuration of the optical axis for an applied electric field
parallel to the x-axis.

3.22E

In the case of an applied electric field parallel to the y-axis, we find for similar reasons the following
refractive indices (Equation (39), (40) and (41)).
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n, = n, (39)
1

n,=n,+ énir“Ey (40)
1

n; = no—é nf;r41Ey (41)

In this case the directions of the eigenvectors are given by Equation (42), (43) and (44).

0

Eigenvector = |1 (42)
0
-1

Eigenvectos = | o (43)
1

Eigenvectog =

Y = . .1
P O K

] (44)

We execute the same deductions for the case of an applied electric field parallel to the z-axis and so
we get Equation (45), (46) and (47).

3.23E

n, = n, (45)
N=nN, + %ngruEz (46)
n; = no_% ngr41Ez 47)

In this case the directions of the eigenvectors are given by Equation (48), (49) and (50).

0

Eigenvector = |p (48)
1
-1

Eigenvectoy = | 1 (49)
0

[

] (50)

The ‘similar’ results for all three axis are caused by the fact that the GaAs crystal cut normal to the
[1 O O] Miller plane is symmetric in the x, y and z-axis (Figure 26).

Eigenvectog = [

o
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Figure 26 GaAs lattice with a face-centered cubic lattice. In this lattice
the Arsenide represents the positive ion and Gallium is the negative one.

3.24E +E

In the next chapter, we will determine the modulation caused by the electro-optic property of GaAs.
In most parts of these deductions, we assume that the applied electric field is parallel to z-axis. Un-
fortunately this assumptiorE, = E, = 0 ) will not be valid in the “real world”. In this paragraph
we calculate the ellipsoid for an applied electric field vector giverEby [E,, 0, E,] it O
andE, # 0 . In paragraph 5.3 we will use the following results to estimate the error caused by this
assumption.

For the refractive indices, we get Equation (51), (52) and (53).

nl = no (51)

n, = o (52)
N1-= ”ozrcm/ Ei + Ei

n = o (53)

N1+ n02r41A/ E+E;

By defining Exmpiiuge = ~Ex + E; and by using agai/ /1+A=1-1/2A fdk«1 , we find
Equation (54), (55) and (56).

n, = n, (54)
13

N, =Ny + énor41EAmpIitude (55)
13

N3 =Ny—3 nor4lEAmpIitude (56)

The eigenvectors are directed according to Equation (57), (58) and (59). Again we can remark that
the direction of the eigenvectors depend on the direction of the applied electric field.
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Eigenvectoy = z (57)
1

Eigenvectoy = | [z 2 (58)

Eigenvectoy = | [z2 22 (59)
X Z

EX
1

If E,»E, the ratio E / E, increases infinitely but this does not cause any problems because the
eigenvectors are not normalized. By using the relations of Equation (60) we can show that this results
are consistent with Equation (48) to Equation (50).

00 1 00 1
—00 " -1 and () ” 1 (60)
1 0 1 0

For the other cases Wit% = [E. E, 0] ér = [0, §,E,]  we can find similar results.

3.3 Comment

In the previous paragraph, we explained the standard representation of the electro-optic effect in the
GaAs crystal. We performed the calculation in general and for several special cases. We showed that
the ellipsoid and hence the refractive index of the material changes in function of the applied electric
field. We proved that the direction of the optical axes depend on the direction of the electric field
which is unfavorable for our application. The variation of the refractive index depends on the mag-
nitude of the applied electric field as well as on its direction. As the modifications of the refractive
index are extremely weak, the resulting modulation will be small as well.
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4 Electro-optic crystals in a Fabry Perot Cavity

In our measurement setup, we will focus the laser beam onto an IC and we will analyze its reflec-

tions. The air / GaAs interface and the golden back face of the substrate frame a Fabry Perot cavity.
So will have a look at the mathematical response of the cavity by taking into account that there is

electro-optic material inside the cavity.

For the initial calculations we do several assumption to simplify the deductions. We assume that the
incident laser beam is perfectly parallel or with other words that the wave front is a plane wave. The
incident laser beam should also have a well-defined linear polarization. Also we assume that the
spectral linewidth of the laser is narrow enough so that the corresponding coherence length is much
longer than the cavity length.

4.1 Response of a Fabry Perot Cavity

Before we start the calculation of the Fabry Perot response, we should recall one principle. For the
calculation of the reflections, we use the electric field of the laser beam. So at the end of all our de-
duction we have to convert the amplitude of the electric field into the laser beam intensity by using

Equation (613. So we find a value proportional to the power sensed by the photo detectors.

ILaserbeam_

|ELaserbeamx E*Laserbearl-u (61)

2ZMat(—)riaI

In Equation (61) | 5serbeaniS the intensity or the power of the laser beamydgpeanis the corre-
sponding electric field andfaterial IS the wave impedance of the material in this case the wave im-
pedance of the surrounding air.

For the deduction of the Fabry Perot response, we know that at the first air / GaAs interface one part
of the laser beam is reflected and the other part passes through (Figure 27). We can describe this
mathematically by Equation (62),

EReercted= rInterfaceEEIn(:idem and ETransmitled= tInterface[Elncident (62)

where Bncident Ereflected®Nd Erransmitteg@l® the electric field amplitudes of the incident, reflected
and transmitted laser beam afgditace@Nd fnterface@re the reflection and transmission coefficients
respectively.

We assume that there is no loss or gain of energy in the air / GaAs interface. By using the energy
conservation law and the boundary conditions, we can calculate the transmission and reflection co-
efficient for a plane wave with normal incidence (Appendix E.3. on page 119) in function of the ma-
terial properties. In our case these coefficients are given by Equation (63) and Equation (64), where
Neaasand ny, are the refractive indices of GaAs and of the surrounding air.

NGaas— Nair

2 [hAir
Fpir —Gaas = anthir—GaAs =

nGaAs+ Nair Nair + NGaas

(63)

1. The intensity represents a power per surface or [Watt/Mleter our case the “surface” of the laser beam will always
remain constant. Hence the intensity is directly proportional to the power of the laser beam.
2. With I’baA§3.374 and Rir=1 we find Kir-GaAs=‘rGaAs-Air=0-54 and,i;ir_GaAS=tGaAs_Air=O.83.
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Najy —N 2,
Air GaAs andtGaAs— Ar = GaAs

nGaAs+ Nair Nair + nGaAs

rGaAs— Air — (64)
Afterwards the laser beam passes through the semiconductor substrate and is reflected at the golden
backside. This propagation in the semiconductor causes a phageddsifribed by Equation (65),

0= ZH%QHO = 21'[—2€—dvn0 (65)
[¢] 0

where d is the thickness of the GaAs laygs,is the wavelength of the laser beam in vacuwns

the corresponding frequency arglisthe refractive index of GaAs in the absence of an applied elec-

tric field. For the purpose of our work the undoped GaAs substrate can be considered as transparent.
However there will be a slight absorption of the laser beam as given by Equation (66).

Absorbtion= &2 (66)

2d represents the distance and the absorption coefficient of the material. For infrared laser light
around 1550 nnat is about 0.00Gcn™Y] [ 1 ]. There are still some losses caused by the reflection at
the golden back face which can be represented By $ we can “add” the attenuations during a
round trip in the cavity (Equation (67)).

R = R (67)

By taking into account the phase shiftot the golden back face of the cavity due to the boundary
conditions at the interface between a dielectric and a metal material, we can execute the summation
of the different reflection according to Figure 27.

Elncidenerir —GaAs

—imt_ o
ElncidemtAir—Ga/—\s'[GaAs—AirRe €

—imy 2 -i2¢ ]
ElncidenttAir —GaAstGaAs— Air(Re ) rGaAs— Aire - i i §

Ny

—imy3 2 -i2¢ . \
Eincidentair —caastcaas- AilRE ) I"caas- air€ \
Interface GaAs Gold
Air/GaAs (Backface

Figure 27 Summation of Eefiected

- 2
By defining t° = t;, _caastcans air @S Well @S = rgaas- air = —Tair—caas We can calculate the
sum in Equation (68).

r r o2 o3
EReercted = Elncident(_r_tZRe I(p(l_Rre O+ (Rre |(p) _(Rre |(p) + )) (68)

Per definition|Rre™ <1 and so we can use the results of Appendix E.4. on page 121 to simplify the
summation of Refiecte@S given in Equation (69).

1. According to [ 4] the reflectance coefficient of opaque gold film is 0.986 for a laser beam with a wavelength pfrio00
and 0.994 at 500[hm]. So theoretically R’ should be close to unity but in reality we have to calculate with loss of at least
2[dB]. The supplementary losses are probably due to an uneven surface.
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r+Re'?
EReercted = _Elncidenq%lmg (69)

As mentioned above, our principle interest is the reflected intensity and not the magnitudessf the
flected electric field. So by using Equation (61) we can calculate the intensity of the reflected laser
beam as given Equation (70).

2 2

r"+ R+ 2Rrco
IReercted = IIncid(—)nt 2 2 S((p) (70)
1+ Rr" + 2Rrcos(@)

Figure 28 shows the response of a cavity for common values of r, R with a typical range for the wave-
lengthA,,.
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Figure 28 The response (reflected power) of the cavity with r=0.54, R=0.63
(-2 [dB] ), d=500[um] and Rncigent1 [MW]..

4.2 Minima and Maxima of the Cavity Response

It might be of some interest to know the position of the maximal and minimal values of the cavity
response. By using the results of Appendix E.6. on page 123 we find that the maximum and the min-
imum are atp=0 respective ap=rt(Equation (71) and (72)

(r+R)’

IMaximum((p: 0) = Ilncident(l+ rR)2 (71)
| =m) = | (r=R)" 72
Minimum((p_ T[) - Incident(—l__?R_)E ( )

By using these results we can show that reflected intensity is equal to incident intensity, if r =1 or
R=1 or if both reflection coefficients represent a perfect mirror (R=r=1). For all other values, the
maximum reflected power is smaller than the incident power. Equation (72) indicates that the mini-
ma become zero only in the case when the term (r-R) vanishes. In this case both reflection coefficient
have to be equal.

Though we do not need the reflection coefficient r and R for the further calculations, it is interesting
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to calculate their values. Considering that it is very simple to deterrgiagum 'Minimum and kn-
cident We try to express r and R in function of these parameters.

A = '\/I Maximum/llncident andB = /\/I Minimum/llncident (73)
By using the definitions for A and B given in Equation (73), we can resolve the system of equations

given by Equation (71) and (72). According to Appendix E.7. on page 124, we find for the reflection
coefficient R and r Equation (74) and (75) respectively.

1-AB—4/(1- AY)(1-B?)

R= A—B (74)
po 1-4(- B%)/(1-A% (75)

) B-AAJ(1-B%/(1-A?%

4.3 Comment

In the previous paragraph, we reformulated the derivation of the Fabry Perot response. This “stan-
dard” description is simple and easy to use. The only inconvenience is the impreciseness of the re-
flection coefficient R as we cannot determine it properly.

We could determine the maximal and minimal reflected intensities in function of the incident inten-
sity and the reflection coefficients r and R respectively. As we managed to inverse these relations,
we could express the reflection coefficients r and R in function of the incident, maximal reflected
and minimal reflected intensity. This is interesting as the three parameters are measurable with our
experimental setup. Hence we can measure the reflection coefficients r and R.
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5 Amplitude Modulation

5.1 Modulation caused by the electro-optic crystal

In this paragraph we will investigate the modulation caused by the electric field parallel to the z-axis
as displayed in Figure 29 and Figure 30. For this calculations we assumie, thét, E, arf)
and hence we put,£0 and E=0.

Polarization im
Electric field of Laser < - M|rcow§ve Guide El Refraction Index
beam R e : =3 E Modulation
: ] 3
: 2 600y [
Optical Axis of Crystal J & £
TSealll kel e
T = Q b
— %‘ S aoou Modulation of the
N S r Reflected Power
. = Y \ g b
== allil o
3 ‘ ' E
Thickness  Golden Backface Electric field Semiconduct 0 -
of Layer (Microwave) (GaAs) Applied Voltage [V]

Figure 29 Configuration to measure the electric field E Figure 30 Principal idea of the amplitude modulation in
inside the MMIC. a Fabry Perot cavity.

In this case the refractive indices of the GaAs crystal are given by Equation (45), (46) and (47). For
a polarization parallel to the optical axis of the crystal, the phasegtlife to the propagation in the
semiconductor is given by Equation (76).

(P~ﬂj%1 +5 n I’41E (76)

E, is the applied electric field parallel to the z-direction. So the response of the cavity Fabry Perot
becomes Equation (77).

1d
r’+ R+ 2chos%4}\ 2n r41EZDD

IReercte({}\OI Ez) = IIncident (77)

1+ R2r2+2chosE14;TdE1 +2n r41EZ%

In GaAs the electro-optic coefficients are very weak. Hence the electro-optic effect is rather weak
and so the modulation will be small. The weak modulation allows us to lineggizededn function
of Ag or more practical in function of,§Equation (78)).

al
IReerctec()‘ov Ez) = IReerctedE -0 + R;Ee(:t61 |:Ez (78)
‘ z lg,=0

By changing the partial derivative according to Appendix E.5. on page 122, we get Equation (79).
So we can replace the unknown functiodlgesiecied OE, by the determinable function
Ol gefiected’ ONo - If we know or if we can measure the response of the cawiyidetedNo), We can
determine the parametétgfiecied 0o

31




Theory

0|Reflecte - 0|Reflected —n§r41)\0
8E21 “~a, O 2 (79)

The amplitude of the intensity modulation can be described in this case by Equation (80). This signal
is called the electro-optic signal.

Anr,, Ol flected
IEIectroOptic: - 20 a4 G Rg)\ecte EEz (80)
o

By knowing the wavelength of the laser beagy the refractive index nas well as the electro-optic
coefficient i and by measuring the electro-optic signakdyoopicand the response of the cavity
IReflectedo), WeE can calculate the electric field appliegdd€ross the cavity. So we have the ability

to determine the voltage applied between the microwave structure and the back face of the substrate.

Last but not least we must have a look at the signs of Equation (80). The refractive ipdée n
wavelengt\, and the electro-optic coefficientyare ‘per definition’ positive and so we do not have

to care about their signs. The electric fielgdan be positive or negative in function of its direction.

The derivativedl zeqecied’ 0N, Can be either positive or negative depending on the wavebkgngth
Onthe other side optical intensities are always positive. In Equation (78) the intensity of a laser beam
is always positive but in Equation (80) we are looking at the variation of the reflected intensity to a
given reference Ievel;{eﬂectecjE o ) and s8dktroopticMight have a negative sign.

In Equation (81) Eis the electric field of a microwave signal, whergik owaveiS the ‘per defini-

tion’ positive amplitude and f is the corresponding frequengyds: is the continuous part of our
microwave signal. In some cases an offset is used to set a working point of a microwave device. Un-
fortunately a high offset can also polarize the electro-optic modulator. For all further calculations
and examples we assume thajike: does not affect the electro-optic modulation and therefore we

neglect Byset

Ez = EMircowaveCOS(ZT[ft) + EOffsel (81)

So in Equation (82)dectroopticis the amplitude of the optical intensity modulation. This amplitude

is defined as the difference between the maximal and average intensity of the laser beam and so ‘per
definition’ positive. So according to this all parts in Equation (82) are positive except the derivative

0l Refiected” 0N, Which might become negative.

AoNaryy Ol
IEIectroOpticEbos((-‘ot) = _%41 Dﬁ CE, Ccos(wt) (82)
o

Considering thatgiectrooptichas to be positive we can introduce a phase shiftiofthe left part of
Equation (82) to match or if you prefer patch the signs. We have to take into account a last “optical
specialty”: Up to now we treated the intensity of the modulation as it would be an amplitude. Unfor-
tunately optical modulations are often expressed in “peak to peak” values. So we have to multiply
| ElectroopticWith two. So we display the “peak to peak” modulation of Equation (83) in Figure 31.

_ 2 ol
IModulation~ )‘onor4l —Ref
Sy

EEMircowave (83)
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Figure 31 Amplitude and phase shift of the electro-optic signal. For this figure we used
the following parameters: j33.374, §;=1.42 10*2[m/V], r=0.54, R=0.63 (-2 [dB]),
d=500[pm], Evicrowave=1 [V1/d [M] and Rycigent1 [MW].
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5.2 Modulation for a laser polarization not parallel to optical axis

For technical reasons, it is difficult to align the polarization of the incident laser beam perfectly with
the optical axis of the GaAs crystal. So in this paragraph we will calculate the influence of the po-
larization deviations.

We still assume that the incident laser beam has got a linear polarization and it is propagating as a
plane wave in direction of the z-axis. But the polarization of the incident laser beam is off the optical
axis of the crystal by the angpeas defined in Figure 32.

Optical Ads ~ ~——  Electric field of

of Crystal Laser Beam

<

—
—
—
—

< . &
Angle between optic:
Gahs Crystal axis and polarizatio

Figure 32 Situation if the polarization of the laser beam
is not aligned with the optical axis.

So in this case we will have to calculate the cavity response twice. We project the electric field of
the laser onto the two optical axes of the crystal and we calculate the Fabry Perot response for both
of them as given in Equation (84).
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(84)

0 2 r2+R2+2chos((pX) . 2 r2+R2+2chos((pY) O
ILasen( Reflectel = IlncidentD:cos(q)) U 2 2 + sm(¢) E 5 2 d
O 1+ Rr" +2Rrcos( @) 1+ Rr" +2Rrcos(@, )0

. 41d 13 4md 1s
with @, = ~ EH10+§n0r41EZB and @, = ~ O—Enor“EZE
o (o]

Following the deduction in Appendix E.8. on page 126, we can linearize both terms of Equation (84)
in function of the applied electric field EBy reasoning the same way as in the previous paragraph,
we can describe the modulation in function of the agdEquation (85)).

EEMircowave (85)

IModulation(®) = )\ongul Ocos(2¢)| [‘aél;\ef

So the magnitude of the modulation decreases with ¢o@d vanish whep reachesv4 respec-
tively 45 °.So for this setup, we should not find any modulation at all if we align the polarization
along the bisector of the two optical axes. So an accidental deviation of the polarizatignodi

the optical axis will decrease the modulation with a factor proportiori & — 2A¢2) .

5.3 Modulation for an electric field E+E,

In the previous paragraph we analyzed the case with well-defined optical[axig (/2, 1/ /2, 0]

and [1/./2,1/./2,0] ) imposed by the direction of the applied electric field parallel to the z-axis
(0, 0, 1] ). We assumed that the polarization of the incident laser was not perfectly aligned with the
optical axis.

In this paragraph we will analyze the inverse case. We assume that the polarization of the laser beam
is adjusted parallel tp1/./2,1/./2,0]  which allows the probing of an applied electric fields par-
allel to the z-axis. It might be that the electric field is changing its direction after the adjustment of
the polarization or that the laser beam will be displaced to another location on the DUT with a dif-
ferent electric field vector. With the direction of the electric field, the optical axes of the crystal will
change. The polarization of the incident laser beam is not aligned anymore with the optical axis and
hence the modulation will change. Under real conditions it is very likely that the electric field has a
component normal to the z-axis. So we will analyze the configuration displayed in Figure 33.

Optical Axis Electric field of
of Crystal Laser Beam

§ 2 ,'V
ERvar

-

GaAs Crystal  Direction of the Mircowave
Electric Field

Figure 33 The laser beam is focused on the GaAs crystal with a polarization paral-
lel to the vector[l/f2, 1/.J2, 0] . The direction of the applied electric field is
given by[cog(8), Q sin(8)] .

g B
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In Figure 33 the applied electric field has the direction given in Equation (86), whekgiifade In-
dicates the magnitude of the microwave electric field @mglthe angle between the x-axes and the
electric field vector

N cos(0)
E = EAmpIitde 0 (86)

sin(B)
By using Equation (57) to (59) we can determine the orientations of the threes optical axis in func-

tion of the angle. These vectors are normalized to simplify the further calculations. So we have got
Vector;, Vectok and Vectog for the three directions of the optical axes.

B - e- B - e-
_cos(6) S|T/(§) SIT/(E)

Vector, = 0 |, Vector, = —%2 , Vector, = %2 (87)
sin(0) cos(6) cos(8)

For the further calculations we project the electric field vector defined in Equation (86) on the optical
axes defined iftquation (87) For each of the three optical axes, we calculate the response of the Fab-
ry Perot cavity. For following calculation, we assume that the reflection coefficients R as well as r
are identical for all three optical axis. By inserting the result of Appendix E.9. on page 127, we get
for the reflected intensity a sum of the three terms corresponding each with an optical axis
(Equation (88)).

lLasel( Reflectel = (88)
cos(6)? Br2 +R?+ 2Rrcos(@,) L4 sin(0))? Ijr2 +R® + 2Rrcos(@,) L= sin(0))> Dr2 +R% + 2Rrcos((s)
2 1+ R+ 2Rrcos(¢,) 4 1+ R+ 2Rrcos(,) 4 1+ R+ 2Rrcos( ;)
. 4mdn 41d 13 4md 13
with Qo = )\o 2 ) (P }\—0 ot EnorzllEAmplitudeE and @ = To- o_é nor4lEAmpIitude||%

We linearize the three independent terms of Equation (88) in function of the applied electric field
Eampiitude BY reasoning the same way as in the previous paragraphs, we can describe the modulation
in function of the angl® by Equation (89).

+ sin(0)°! 2
IModulation = Ma%ﬁ morﬂ.l)‘oEMicrowave (89)
o

We have to make some comments about this result. If the applied electric field is parallel to z-axis,
8 becomest?2 and thus we find again the result of Equation (83). On the other hand if the electric
field vector is parallel to the x-axis, the modulation decrease to a half but it will not vanish. Hence
the modulation is not proportional to projection of the electric field vector on the z-axis or propor-
tional to sinP)2. So our probing setup is also sensible to the electric field normal to the z-axis as men-
tionedin[24]and[25].
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5.4 Comment

The mathematical description of the amplitude modulation is straight forward compared to the other
modulation techniques described in the following paragraphs. Itis valuable to have a simple relation
between the applied electric field and the probed intensity. Hence we can calculate the searched elec-
tric field. The only theoretical inconvenience is the fact that the results are wrong if the applied field

is not parallel to the z-axis.
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6 Polarization modulation

In most publications about electro-optic sampling systems, a slightly different configuration is used.
The polarization is aligned between the two optical axes. So the state of polarization is modulated in
function of the applied electric field. As proposed in [ 24 ] and [ 25 ], we analyze this configuration
for the same conditions as the amplitude modulation.

6.1 Setup

The continuous wave (CW) laser beam is focused beside a microwave guide as shown in Figure 34.
The alignment of the polarization is between the two optical axes of the crystal. The polarization
state of the reflected laser beam is modulated in function of the applied fjeltitRe microwave

signal. A beam splitter is used as an analyzer. This analyzer is aligned rectangular to the incident
polarization and so converts the polarization modulation into an amplitude modulation which can be
detected by a photodiode.

¢

Electric field of ; ‘
Laser Beam.. ; Analyzer

GaAs Cryst§l

Optical Axis of Crystal Angle between optical
axis and polarization

Figure 34 Configuration using the polarization shift to measure the microwave sig-
nal.

6.2 Modulation

By using the result of Appendix E.10. on page 130, we can estimate the intensity at the output of the
analyzer. Thus the polarization state modulation is given by Equation (90). We assume that the re-
flection coefficient r and R, the refractive indeyand electro-optic coefficieny{ of GaAs as well

as the substrate thickness d are constant parameters. For the examination of the modulation the am-
plitude of the electric field RicrowaveliS @ls0 fixed. The wavelengtky, is changing in a given range

as well as the angle between the argtioes.

2mdnr, B~
Si E? o' 41 z% ERZ(l_rZ)Z

A
IPol.arizer(Ez’ )‘01 ¢) = IlncidentESin(Z(l))2 R, > (90)
E%L + PR + Zchos,B%jnoEgr
o

37




Theory

Before we will print out the modulation caused by Equation (90), we discuss the influence of the dif-
ferent variables. First we have a look at the microwave sigpdfE, is zero, there will be no bire-
fringence and hence no light will pass the analyzer. Jfi&€ not zero, the output intensity is
proportional to sin(EZ)2 and hence the frequency of the modulated laser beam is twice the frequen-
cy of the microwave signal. This effect is due to the fact that the laser beam intensity cannot become
negative.

The term sin(®)? becomes maximal i is equal torv4. Hence we have a maximal modulation if

we align the laser beam polarization along the bisector of the optical axes of the crystal. The polar-
ization before the analyzer and hence the intensity at the output wont change at all if the polarization
of the incident laser beam is parallel to one of the optical axis of the GaAs substrate as
sin(p =0) = 0.

As we can see in Equation (90), the resulting modulation is also a function of the wavelgngtn

an ‘efficient’ modulation we chose the wavelengthin a way that cos(4mdn,/A,) = —1 . Hence

the denominator becomes minimal. The wavelergfhlso appears in the numerator but there the

modulation increases with the decreasing wavelength. So we should chose the shortest technical pos-
sible wavelength so that denominator is minimal.

60.0p—
50.0 p—
40.0 p—

30.0 p—

20.0p

Frequency Modulation [Watt]

10.0p

Peak to Peak Amplitude of the double

P I
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T |
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15‘56‘ — 1
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Figure 35 Amplitude at the output of the analyzer. For this figure we used
the following parameters:#3.374, ;=1.42 10*?[m/V], r=0.54, R=0.63

(-2 [dB]), d=500[um], Eyticrowave=1 [V1/d [m] and Rycigen1 [MW].

The polarization state of the reflected laser beam is changing in function of the microwave signal
that causes the modulation. For further analysis, it is of some interest to estimate the maximal vari-
ation as this effect can also appear accidentally.

We want to investigate if there are major changes (e.g. turning of 45 degrees or circular polarization)
or if it remains unchanged. As a general analysis would be too complicated, we just try to estimate
it numerically. We do this by comparing the components parallel and normal to analyzer. As we can
see in Figure 35, the maximal component parallel to the analyzer is gh@ufFS0[pwW]. By using

the Fabry Perot response of Figure 28, the minimal component normal to the direction of the analyz-
er is about \jorma=20[1W]. In the worst case we have normal component ofu) and a parallel

one of 5gpw]. By assuming that the reflected laser beam is polarized linearly, we can calculate the
angleA¢ between the polarization of the incident beam and the reflected one. So with this configu-
ration, the polarization state is slightly modified by the microwave signal as we can see in
Equation (91).
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paraten 0 DlO_lZ[W] 0
Ad OArcTans——5= ArcTan=—————=00.0001° 91
¢ DNormaID DZO DlO_G[W] 0 ][ ] ( )

6.2.1 Polarization modulation with a wave plate

In most applications using the polarization modulation, the configuration is slightly different. In
Equation (90), the magnitude of the modulation is proportionaitngp= 27md nﬁrMEZ/)\O) , Which

is unfavorable for the modulation because of the vanishing derivati\ss;sr'eltéf))2 andemsains

very small. Theﬁin(p)2 proportionality causes also the doubling of the modulated signal frequency.
In most application &/4 wave plate is introduced to overcome this problem. In our probing tool, we
would have to introduce &8 wave plate which would be passed twice. The optical axis of the wave
plate would have the same directions as the optical axis of the GaAs crystal. The intensity at the out-
put of the analyzer is given by Equation (92) according to Appendix E.11. on page 132.

. 2
lOutput(Ezl }\ov 4)) = IIncidentsm(‘l_zq)) (92)

(r2 +R*+ 2rRcos(@,))(1 + R+ 2rRcos(@,)) + M + (r2 +R%+ 2rRcos(@,)) (1 + PR+ 2rRcos(®,))
(1+ "R+ 2rRcos(@,)) 1 + °’R* + 2rRcos(,))

with N = 4 1-A) ROER(+ Acos BP0 (1 + R cos P #hrsin 1 2m ,

(Plz%j”oJ’%ngUlEz and%:%\]—?%o_%niﬂuEzE
The introducedv2 phase shift changes the working point and hence the modulations. As the inten-
sity at the output does not vanish in the absence,pive have to use Equation (93) to compute the
peak to peak modulation as plotted in Figure 36. An analytical solution would be too complicated.

IModulation(EMicrowaLve- )\ov q)) = ||Output(Ez: EMicrowave- )\ov q)) - IOutput(Ez: _EMicrowave' }‘01 ¢)| (93)
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Figure 36 “Peak to peak” modulation and the reflected intensity at the output of the ana-
lyzer. The delay oh/4 is caused by the two pass of thi wave plat. For this example we
used the same parameters as in the previous exampi8:374, j;=1.42 102 [m/V],
r=0.54, R=0.63 (-2 [dB]), d=50[um], Eyjicrowave=1 [V]/ d[M] and Rncigent1 [MW].
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Different measurement techniques use other possibilities to boost the polarization modulation. One
possibility is to increase the path length through the electro-optic crystal. So the polarization has
“more time” to “turn more”. Also crystals with higher electro-optic coefficients than the GaAs one
can be used to probe the electric signal. Another option is the use of a pulsed laser with very high
output power. So by adjusting all this parameter, it should not be a problem to obtain a decent signal
level.

6.3 Comment

There are several reasons, why we do not use a probing technique based on polarization modulation.
Without introducing a wave plate, the magnitude of the calculated signal is much weaker than the
results obtained in chapter 5 and the modulation frequency is twice the frequency of the microwave
signal. Hence we would have to usa/& wave plat (difficult to obtain). Th&/8 wave plat compli-

cates the mathematical description. We cannot find an exploitable relation between the electric field
Emicrowave @nd the intensity of the modulatiofigyyiationcOmparable to Equation (83).

The technical disadvantage of the polarization modulation is the difficulty to handle the state of po-
larization in standard optical fibers or in polarization maintaining fiber used in our setup. Very often

the polarization is turning very slowly in standard optical fibers and polarization maintaining fibers

insert another unknown birefringence.
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7 Phase modulation

The phase modulation is another possible configuration for the probing of the electric field. Though
this technique is used very often in pigtailed fiber optical modulators, it is rarely used in electro-optic
probing. We just have a look at it to complete the comparison.

7.1 Setup

For the phase modulation, we split the incident laser beam into two CW beams of equal power as
shown in Figure 37. The first one is injected into the DUT with the polarization parallel with the op-
tical axis of the crystal. The second part is delayed and it is used as reference beam. Afterwards both
parts are recombined and the interferences caused by the phase shift are used to obtain an amplitude
modulation.

- W\/W Reference Bean
Incident Lase
Beam N WWW Reflected Bean

A

GaAs Cryétal Optical Axis of Crystal

Figure 37 Configuration using the phase shift between the reflected and a
reference beam to measure the signal.

The principle of phase modulation can be described by Equation (94), whgig Buipuis the re-
sulting electric field of the recombined beam in function of the electric figl@f&he microwave
signal and the wavelength of the laagr

-9 ro éEz’)‘o) 1 -9 e erencé)‘o)
ELaser Outpu(Ev )\o) = ELaser Inpu% DAProbe(Ezr )\o) Le Preb + é mReference[é Ref H (94)

The further parameters are the field of the incident laser bgag Fn .« the attenuation and phase
shift of the reference beam given byfrerenc@Ndd referencNd the same parameters for the beam
passing through the DUT defined by Ane.anddp,ope

For an optimal phase modulation, the difference between the phas@ghiftandd geferencshould

be1v2. So we obtain a linear response in function of electric field. In our setup, the situation is more
complicated a8 ponedepends also on the wavelengthand not only on the electric field ESo for

the further mathematical analysis of the phase modulation, we define the reference phase shift as
DReference = Iprobd Ez= 0, Ag) + TV 2 . FOr AgeferencaVe have a similar problem. For an efficient
phase modulation, Agpeand AreferenceShould be equal to obtain a good contrast. Unfortunately
ApobelS changing in function ok, In this case we set fyterencd0 One. So with Appendix E.12.
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on page 134 we can express the intensity of the modulated peghidy Equation (95).

I id 2
IResponngzv )\o) = %t[(l + AF’robe+ 2'A‘Probel:bos(aProbe_SReferenca) (95)

2 2 2 .
With A gp, = /\/r +|§2+ 2Rrcos(@) » Sorope = ArcTand R2(r —1)sin(¢) % _and
1+ R%r% + 2Rrcos(¢) 1+ R?) + cos(@)R(1+ )

(P~4_T[dH1 +5 >N l'41E

For illustration, we compute the response for the same parameters as in the previous paragraphs. For
the calculations of the modulation we use an approach similar to Equation (93). In Figure 38 we can
see that the results of the phase modulation is similar to the magnitudes of the other modulations.

In Equation (95) the modulation is not only caused by the phase shift between the reference and the
probe beam. The termgh\is also changing in function due to the amplitude modulation. So the
obtained modulation is caused by the amplitude modulation as well as by the phase modulation.
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Figure 38 Amplitude of the output of the phase modulations. For this figure we used the following param-
eters: R=3.374, ;=1.42 10*2[m/V], r=0.54, R=0.63 (-2 [dB]), d=50fum], Eyicrowave=1[V]/d [m]

and with R, cigent1 [MW]. You have to notice that gypeis changing in function of the applied electric
field E,. So we computed a graph wherg,4\is constant and another one whegg4is changing.

7.2 Comment

There are several reasons why we do not use a probing technique base on the phase modulation. As
for the polarization modulation, the mathematical description is complicated. Again we cannot pro-
vide an exploitable relation between the electric fiejdald the intensity of the modulatiogydqy.-

lation COMparable to Equation (83).

There are also some technical inconveniences with the phase modulation. For an optimal modula-
tion, we have to adjust the wavelengiof the incident laser beam according to Figure 38. In func-
tion of this wavelength we would have to introduce a delay/dfinto the reference branch to cause
the1v2 phase shift.
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8 Other considerations & Problems

In this chapter we will do some further theoretical analysis. We will take into account that a “real”
laser beam is not a plane wave and so it diverges during propagation. This will cause further loss and
it will limit the spatial resolution. At the end we will do some auxiliary considerations.

8.1 Gaussian beam

At the beginning of chapter 4, we did several assumptions to simplify the calculations. One of the
assumption was that the incident laser beam is perfectly parallel. With other words the wave front
should be a plane wave of a given width as displayed in Figure 39 and Figure 40. Unfortunately this
simplification is rather coarse as the plane wave of Figure 39 does not even satisfy the Maxwell
equations for electro-magnetic waves. As we assumed that the laser beam is a TEM (Transverse
Electro Magnetic) wave, it cannot take into account the focus onto a small spot. One possibility to
describe mathematically a laser beam is the formalism of a Gaussian beam.

Output Fiber

Spol

~0225 position X [mm]

-0.6
0225 Position X [mm] P 0375

2 -0.375 15

Figure 39 In this figure we plot the magnitude of theFigure 40 The isometric lines of the wavevector k for the
electric field as a function of the Z-axis (direction ofbeam of Figure 39.

propagation) and the X-axis (distance from the center of

the beam). In this case we have at the output of the fiber a

10 [um] wide plane wave.

We can solve the Maxwell equation under the condition that the laser beam is propagating in a given
direction ([ 5],[ 12 ]). One possible solution is the Gaussian beam. The solution is called the Gaus-
sian beam because the spatial distribution of the beam intensity is proportional to the Gaussian or
normal distribution. In Equation (96)24:x2+y2 indicates the distance from the center of the laser
beam as defined in Figure 41. W(z) is called the beam waist given in function of the positign z, W

is W(z=0) and | represents the intensity of the Gaussian beam.

207

2 w(z)? * 2
I(r,z) = |QDW—02[é with Il(r,z) 2 Cor = 1o ITEW, (96)
W(2) d 2
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Figure 41 The direction of propagation z and the distance from the
center of the laser beam normal to z.

As indicated in the second part of Equation (96), the integral of the Gaussian distribution is always
constant and does not dependent on the parameter W(z). So the energy in the laser beam is preserved
but the distribution is changing with the position.

wave front

. . .
-15 -1 -0 15

.5 0 05
z—axis [m]

Figure 42 Definition of the parameters of a Gaussian beam.

For the following deduction, we use the distribution of the electric field instead of the distribution of
the intensity. So we can compute the electric field distribution for a given position with
Equation (97).

Kr

1 22

E(r, 2) Dq(z) e 97)
It is important to notice that the parameter q(z) defines the entire electric field distribution of a laser
beam. For the further deductions we will call q(z) the complex beam parameter. By using [ 5] we
can define this parameter by Equation (98). The paramgtisrthe wavelength of the laser beam in
vacuum and R(z) is the wave front curvature. The beam waist W(z) indicates the distance where the
beam intensity drops to Her to 0.135 of the maximal value in the center of the beam. Further W
is defined as the minimal radius (usually at z=Q)iszan auxiliary variable called the Rayleigh length
and Ryaterial 1S the refractive index of material as defined in Figure 42.

1 1 . A .
—— = ———i——— with 98
a@  R@  nw? (98)
° f ntn ateria
R(Z)=ZEH1+5%EE, W(z) = W, O 1+EEZE andz, = )\,\:t !

By passing through a lens or a dielectric or by propagating through free space the Gaussian beam
will change and so the complex beam parameter q(z) will be modified. For some simple cases, the
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modifications of q(z) can be expressed by Equation (99),

Algi,(2)+B

Cn(2) + D (%9)

QOut(Z) =

where A, B, C and D are elements of the ray transformation matrix. Table 2 gives several transfor-
mation matrices for common laser beam manipulations.

In Out
Straight propagation passing a dis- [A B] = [1 ﬂ
tance d. CD 01
d
In Out
Interface between two dielectric 10
materials with refractive indices;n 0 Ny
respective p n,
n 1
In Out
10
1y
Lens with a focal distance f. f

Table 2Transformation matrices for some standard operations [ 12 ].

So by knowing the complex beam parameter g(z) at a given position we can compute the spatial dis-
tribution of the electric field by using Equation (100) [ 5 ], where k&g 4terialAo IS the wavevector
of the beam.

0@ 0 0 2
—B—r—zD —i Okz + L —Arctand%
tw(z)0

k
3R(D 7,
ik (100)

WO
E(x, Y, 2) DW(Z)

With the Gaussian formalism, we can also estimate the beam divergence. The angular divergence
BgeamOf the beam is therefore defined by Equation (101).

A A
8 = ArcTanH C O = 101
Beam |:Jr[vvonMateriaID nWonMateriaI ( )

For our probing technique, we will use a pigtailed injector. So our probing beam will leave an optical
fiber, will spread out and a lens will focus it onto a spot. For illustration we computed the electric
field distribution of such a laser beam in Figure 43 and Figure 44.
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Figure 43 In this figure we plot the magnitude of the elecFigure 44 The isometric lines of the wavevector k for the
tric field in function of the Z-axis (direction of propaga-beam of Figure 43.

tion) and the X-axis (distance from the center of the

beam) for a Gaussian beam. As well as in Figure 39 we

have a w=10[pm] wide beam at the output of a fiber.

The disadvantage of the Gaussian beam formalism is that analytic calculations are only possible for
very simple configuration e.g. the passing of a laser beam through a lens or the reflection on a mirror.
There is hardly any possibility to analyze the reflection or transmission of a Gaussian beam at the
interface between two dielectric materials. The reason is the angle of incidence which is not the same
for the entire beam. So we could not use this formalism to improve the calculation of the cavity but
we could apply it to estimate the spot size of the incident laser beam and the losses due to an improp-
er reinjection into the optical fiber.

8.2 Spot Size and spatial resolution

The spatial resolution is a measure for the size of the probe. If the spatial resolution is coarse, the
size of the probe is big and hence a big region will influence the probing result. A small probe size
and hence a good spatial resolution is required for the probing of integrated devices.

The spatial resolution of our probing tool is given by the beam waist of the laser beam. A small beam
waist will improve the spatial resolution. But by decreasing the beam wait, we will increase the di-

vergence or Numeral Aperture (NA) of the laser beam. By using the formalism of the Gaussian
beam, we will adapt the calculation made by [ 7 ] to our configuration and try to find the best trade

off.

2Wtacein

Incident Laser
Beam

.

2Wgyrfaceout

GaAs Golden
Backface

Figure 45 Calculation of the minimal spot size [ 7 ].

We have a look at the value of Zaceinand 2V raceouTdiven in Figure 45. For symmetry rea-
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sons, we get the smallest spatial resolution whepMeeiN"WsurfaceouT HENCE the Gaussian beam

has its smallest diameter on the golden back face of the cavity or with other words the focus of the
laser beam is on this point. In our further deduction we will see that this choice minimize also the
losses of power in the cavity. Hence the spatial resolution is defined by the beam wgigt.sat

the air / GaAs interface.

8.2.1 Spot size without cavity

As introduction to the Gaussian formalisms, we calculate the characteristics of our laser beam in free
space without the cavity. For the analysis of the setup given in Figure 46, we use the formalism ex-
plained in paragraph 8.1. The laser beam is leaving the end of the optical fiber as a plane wave and
so its wave front curvature R is infinite respectively the real part of complex beam paramgier q

is zero. Its beam waist is py,o, Or half the Mode Field Diameter (MFD). Afterwards the beam is
propagating a distance A, is focused by a lens with a focal distance f and propagates again another
distance B. In the focal point the wave front curvature has to be infinite again.

In this setup, the given parameters are the wavelehgtf the laser, the beam waist at the output

of the optical fiber w,eras well as the refractive index of the surrounding ajf.nAlso known are

the focal distance of the lens f and the distance A between the lens and fiber output. The wanted pa-
rameters are the distance B and the beam wgjgtin'the spot.

With the given information there is no problem to calculate the complex beam parameter for the laser
beam at the output of the fiber. By defining, = mw2,.na/A, we can rewritg,& as
Equation (102).

OFiber = m.-[vvl)z:\w = il}o (102)
[¢]

By using Table 2 on page 45, itis easy to find the transformation matrix of the setup. Itis the product
of the two propagation transformation matrices and the transformation matrix of the lens. With the
transformation matrix we can get the complex beam paramgggfin function of the unknown vari-

able B. In the focal point the wave front curvature has to be infinite or with other words the real part

of the complex parameteigychas to be zero. By exploiting this condition we can find a solution

for B. By using the results of Appendix E.13. on page 135 we can express the distance B as
Equation (103).

2
with z, = [airlair (103)

_HARA -f)+2)
B ———% h

(A-f)+2

At the first sight the result is unexpected because it is not identical with the known result from ray
optics. If we assume that the beam waist at the fiber output becomes very small & O ) the
parameter gzalso vanishesz, — 0 ). In this case we get the expected result given in Equation (104).

fAA—f)+22) _ fA
"% (a—f)P+2 A (104)

B = lim,

0
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2w 2w

Lens
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Output Lens Spot
Fiber (Focal f)

Figure 46 Calculation of the spot size and the focal distance with a lens
at the fiber output.

Considering that B is not unknown anymore, we can determine the complex beam paragpgter q
According to Appendix E.13. on page 135 it is given by Equation (105).

f2
(f_—A—)2+__z-§ Wriver (105)

quot =
By using the definition of complex beam parameter we can resolve the previous equation in function
of the beam waist. So we get Equation (106).

_ [
Wsgpot = Weiper (T—_;)_z:_zz (106)

There are several points to discuss about this result. First we will consider the case where the distance
A is equal to B. In this case the magnification factor is one. The magnification factor is defined as
the f / A. With some additional calculations you can prove that in this situation A becomes
f+  ff7— 2(2). If we put this into Equation (106) we will see that both beam waists are equal.

It is also interesting to compare the theoretical values with the specification of some real pigtailed
focuser with a magnification factor of one. By using the data of Table A.2.3 on page 106 we can de-
termine the mode field diameter of a monomode fiber. Hence the theoretical spot size of a pig-tailed
focuser using standard monomode fiber is given by Equation (107).

2Wgpor = 10.8[um] (207)

This value agrees with the specifications of commercial injectors used in our laboratory (Table A.2.5
on page 108) especially for the focuser with the shortest working distance. The differences for the
focuser with longer working distances can be explained by the increasing influence of the spherical
aberration. This is caused by the fact that the beam waist on the lens will increase with the working
distance and so the aberrations as well.

8.2.2 Spot Size on the device
In this paragraph we will have a look at the different beam parameters if we focus the laser beam

onto the back face of a GaAs substrate. Considering that we have to take into account an interface
between air and a dielectric materials, the calculations become a little bit more complicated.

48




Thesis Stefan Lauffenburger

So we start with the description of the given parameters, as defined in Figure 47. Again we assume
that the Gaussian beam is leaving the optical fiber as a plane wave with the beam pyaistqual

to the half of the mode field diameter. We know the focal distance of the lens f and the distance A
between the fiber output and the lens. Further we have the refractive indices of the surrounding air
Najr and of the GaAs substratgfasas well as the thickness of the substrate d.

2w,

2w, 2w Sold

Fiber Lens 2W3urface

Output Lens GaAs Golden
Fiber (Focal 1) Substrat  Backface

Figure 47 Calculation of the beam parameters if the laser is focused into a
GaAs substrate.

On the other hand we are interested in the beam waist in the focal point at the back face of the sub-
strate wso g as well as in the beam waist on the front side of the GaAgMte AlSO we want to

know the distance between the lens and the substrate surface C as well as the distance x. The param-
eter x indicates the distance between the surface of the substrate and the focal point of the reflections
on the air / GaAs interface.

Apart that the calculations are more complicated than the one of the previous paragraph, there is no
difference. We determine the complex beam parameter at the output of thedihgrten we cal-

culate the transfer matrix of the setup and so the complex beam parameter in the focagpgint

At the end we put the condition that the real part gfgvanishs and so we determine the parameter

C.

By using the conclusion of Appendix E.14. on page 138 we get for the distance C Equation (108).

oo AR +z) Ny
(f —A)2+Z§ NGanas

(108)

For the beam waists we get Equation (109) and (110).

f2
w = W,y D/— 109
Gold Air (f )2+Zc2) ( )

dA
Wsyrface = Wgold D/\/l + EHWZ—ODZ (110)

GoldNGaas

At the end we can calculate x by subtracting B from C.
Nair
x =B-C= g (111)

nGaAs

As we defined 2w, 1cc2S the spatial resolution, we can evaluate this parameter for several common
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setups. Considering that all focusers used during the thesis had a magnification factor 1
(Appendix A.2.5. on page 108), we calculate the according beam waists given in Table 3. The real
values will be larger due to spherical aberration and due to production flaws.

. Spatial
WFibera A dsupbstrate Focal Distance f Weold Wsurface Respolution
5.4 [um 500 [um 5[mm 5.4 [um 16.4 [um 32.8 [um
I P 3 ] [mm] fum] fum] jum]
10[ mm|
5.4 um 100 [um 5[mm 5.4 [um 6.3 [um 12.6 [um
bml |, R ] [mm] fum] ] jum]
10[ mm|

Table 3Theoretical spatial resolutions.
a. The value of w,is half of theMode Field Diametem{FD).

8.2.3 Modified Calculation for the Fabry Perot Cavity

In the previous calculations of the Fabry Perot response in paragraph 4.1, we assumed that the entire
reflected beam is reinjected into the optical fiber. So we could express the reflection coefficients at
the air / GaAs interface by the value defined by the Maxwell equations. For the reflection coefficient

at the back face of the substrate we specified a loss of -2 [dB] to model the absorption losses and to
avoid a reflection without loss.

2WLens 2W5urface
2WReﬂected
2WFiber
A 777777777777777777777777777777777777777777777
Z\NImected
[
Output Lens GaAs
Fiber (Focal f) Substrat
Figure 48 Supplementary losses caused by the improper reinjection into
the fiber.

If we reconsider the calculation by using the Gaussian formalism, we have to introduce supplemen-
tary losses coefficients due the beam divergence. In Figure 48 we can see that all reflections (except
the first one from the gold back face) are not properly reinjected into the optical fiber. The problem
is that the reinjection is different for each reflection and so we have to calculate different loss coef-
ficients.

For the estimation of the supplementary attenuation coefficients, we calculate the complex beam pa-
rameter at the fiber output for the different reflections caused by the Fabry Perot Cavity. So we could
deduce the beam waist of the beam{yweq reinjected into the fiber. As this diameter is greater
thanthemode field diameter of the fiber we calculate the attenuation coefficient in function of this
parameter. For the calculation of this attenuation coefficigeR,ation We assume that both Gaus-

sian beam are approximately plane waves. In this case we can use the equation which describes the
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losses due to mode field diameter mismatch between two single mode fibers as given in
Equation (112).

4[MFD,? [IMFD,’
(MFD,? + MFD,?)?

LOSS\/IisMatch = (112)

For the calculations of the Fabry Perot cavity, we use the electric field and not the intensity of the
beam. Hence we use the root of Lggfaich @S proposed in Equation (113).

2 D'Nln'ectedBNFiber (113)

RAttenuation = 2 2
Wlnjected + WEiber

In Appendix E.15.2. we calculated the beam waist of the reinjected beam in function of the magni-
fication factor and for the different reflections. The Figure 49 shows the additional attenuation coef-
ficient for the reflection on the air / GaAs interface for several substrates with different thicknesses.
The losses are negligible for the case A / Focal Length ~1 as the laser beam is parallel and does not
diverge. The losses decay also with the thickness of the substrate. In Figure 50 we plot the additional
attenuation coefficient for the reflection on the back face. We calculated the attenuation for a sub-
strate with a given thickness (500rh]). We start with the first reflection on the golden back face in
function of A / Focal Length (1 as this reflection is well reinjected into the fiber). Afterwards we cal-
culate the attenuation coefficient for the higher order reflections. As we can see the loss increase with
the order.

e 10 [um] —

h ~ L 1% Reflection 1
E [ ; A h 1 = 08? "‘ ‘\ \\, 7—
= - A nd .
ki . 5 vy = 2 Reflection
£ o5l “. 50 [um] B g | 1\ rd i
§ [ E 0.6/~ | =———3" Reflection ]
5 [ 100 (Hm] c : 4" Reflection
goak n 2 o4l -
% 500 [um] 2 [ ~——— 5 Reflection 1
@t & n

02|~ T 02l ]

(P O B vt F
01 2 4 5 0 L L L L | 1 1 1 1 [ ! i T e i ==

1 4 5

3
i 3
Focal Distance/A ] A/ Focal Distance [ ]

Figure 49 Additional attenuation coefficient for the Figure50Additional attenuation coefficient for the
reflection from the air / GaAs interface due to the diverreflections from the golden back face due to the diver-
gence of the laser beam. gence of the laser beam.

As we will see during the measurements, the imprecise reinjection into the fiber causes an unpredict-
able problem. The divergence of the Gaussian beam induces an additional phase shift into system,
similar to the problem exposed in [ 46 ]. It is difficult to say which reflection is shifted and so we
choose to introduce the phase shift in the first reflection. So we can redefine the parameters of
Equation (68). T (Equation (114)) is the new reflection coefficient of the air / GaAs interface where
Rerontis the addition attenuation due to the beam divergence #hrbpresents the additional phase

shift. R* (Equation (115)) is the modified reflection coefficient for the golden back face whgggR
specifies the additional loss. For simplification we assumed tiagt,Rs similar for all reflection

from the back face.

"= rReg 8 (114)
ont
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R+ = RD?Back (115)

So we can recalculate the response of the Fabry Perot cavity as defined in Equation (116). In
Figure 48 we plotted the corresponding response and the according derivative.

_ (I’ [RFronoz + (R |:RBack)z + 2(r [RFront[R |:RBack) COS((D—/\)
IReerctec((pv A) - IIncident 2
1+ (r [RFront R |:RBack) + 2(r [RFront R |:RBack) cos((p+ /\)

(116)
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Figure 51 Fabry Perot response with addition loss. The used parameters are
r'=0.37, R=0.29, d=500{im], Pycidentl [MW], ngaas3-374, a phase
shift of A=1v4 and R)cigentl [MW]..

The deduction of Equation (116) is doubtful, as we had to do several assumptions. Especially we
have no justification for the phase shift. In the following chapters we will measure the Fabry Perot
response and we will process the acquired data. We will try to fit the cavity response into the data
and thereby we will see that we obtain much better results with Equation (116) than with
Equation (70).

8.3 Magnitude of the electric fields

For information we have a look at typical values for the magnitude of the involved electro-magnetic
fields. We will estimate the amplitude of the electric field of the microwave signal as well as the elec-
tric field of the photons.

For a microwave signal, a common amplitude igiMowave=1 [V] and the crystal has thickness of
d=100[pum]. So according to Equation (117), the electric fielg§)i&owave NS @ magnitude of
10 [kV/m] .

— VMicrowave

1V ’ \%
EMircrowave - d = 1OOD[1CT]6[m] =10 OOOE[E] (117)

For the laser beam we suppose that we have a infrared laser beam with a pQwgfeBErml [MW]
and that its diameted = 2r= 2Qum] matches the spot size of the focuser described in A.2.5. We
assume that the power distribution in the spot is uniform. So we can deduce the power density as
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calculated in Equation (118). By using the Pointing vector, we can determine the magnitude of the
electric field (Equation (119)).

P 0.00W w
IPowerDensity: Sl‘asr?:::zm: T[rz[]fnz]] S 3183D16|:;2j| (118)
VA . vV
Evaser = A2 ZoansDpowervensity = Jz m1209] 13.183516[?] =26 477[[5] (119)

With Zg,ae = IS“—; = 112070]

We can see that the electric field of the laser beam is at least three times stronger than the electric
field of the microwave signal.

8.4 Choice of the wavelength of the laser beam

The wavelength of the incident laser beam has to be chosen carefully for several reasons. GaAs
should be “transparent” at the chosen wavelength, the material should not absorb the photons of the
beam and the photons should not cause the generation of new electron-hole pairs in the semiconduc-
tor.

None of these problems will occur or they are negligible if the photon energy is smaller than the en-
ergy band gap of the GaAs. So we can calculate the shortest possible wavelength by using
Ephoton< Eenergycag cans- SO the vacuum wavelength of the laser beam has to be longer than
0.86[um]. In Equation (120) Bnotonls the energy of the photonsgkergycap(caads the energy gap

of GaAs, e is the charge of an electron, h is the Planck constaisttite speed of light in vacuum
andA, is the seeked minimum vacuum wavelength of the laser.

EPhoton< EEnergyGap GaAp (120)

hc,

0
A < EEnergyGaKJ GaAp
o

)\0 > L
EEnergyGap GaAs
6.6260010%Js] @.9979516[%1]

Ao>

1.43eV] [1.6021010"[ As]
A, >8.6702010'[m] = 0.8670Zum]

On the other hand a longer wavelength is harmful because of the increasing spot size and so it would
be not possible to focus on the liim] wide microwave guide. A wavelength of 155@m) is slight-

ly too long but it has the advantage that we can use a standard communication laser as the optical
source.
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8.5 Comment

In this chapter we used the Gaussian beam formalism to improve the mathematical description of the
Fabry Perot cavity. We could calculate the exact spatial resolution of the beam and hence the spatial
resolution of the probing tool. The spatial resolution is proportional to the mode field diameter of the
fiber and it depends on the lens configuration of the focuser as well. As the mode field diameter is
typically about 1Jum] for standard monomode fibers at 1550 [nm], it is difficult to get spatial res-
olution better than this value. We also tried to introduce addition attenuation coefficient into the
mathematical description of the cavity. Unfortunately the results were rather complex and it does ex-
plain all the phenomenons observed during the probing of the devices.
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9 Conclusion of the Theory

In this chapter we analyzed several probing configurations for a laser beam being modulated inside
a Fabry Perot cavity. We compared setups based on an “amplitude”, “polarization” and “phase mod-
ulation” and calculated theoretically the resulting modulation.

For our probing technique we choose the “amplitude modulation” describe in chapter 5. This con-
figuration has two main advantages: Technically it is easy to realize as we do not have to add wave
plates (as for the polarization modulation) and we do not have to deal with a reference branch (as for
the phase modulation). The second advantage is its mathematical description. The mathematical de-
scription of the “amplitude modulation” is not only much simpler than the other ones but it allows

us to calculate directly the electric field. As we know the magnitude of the modulgiQhtion

the derivativedl zeqecied’ ON,  Of the Fabry Perot response as well as the refractive igaedrthe
electro-optic coefficient4; we can use Equation (83) to calculated the electric field. For this calcu-
lation, we will divide magnitude of the modulation by the derivative of the Fabry Perot response.
Hence all attenuations in the optical path are irrelevant as they are fall out of the equation.

The drawback of this approach is that it works only properly under the condition that the electric field
is parallel with the z-axis. For other orientation of the electric field, the probed values will be sys-
tematically wrong.

Another drawback is that, the configuration using an “amplitude modulation” does not always pro-
vide the strongest modulation compared with the other configurations. The magnitudes of the mod-
ulation for all configurations depend strongly on the reflection coefficients and the thickness of the
substrate. Hence it is difficult to provide an accurate comparison for this point.

In the last part of this chapter, we did some calculations about the shape of the laser beam at the out-
put of the optical fiber. As the diameter of the beam defines the spatial resolution and its divergence
limits the sensibility, we could observe a trade off between these two parameters. We also had to
notice that the resulting spatial resolution is rather coarse.

In the next part of the thesis, we will realize this setup with standard fiber equipment and we will
compare the obtained results with the theoretical description.
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In this chapter we will expose the results of our experimental measurements. We will start with some
basic characterizations of our equipment. Afterwards we will continue with the verification of the
Fabry Perot response and at the end of the chapter, we will have a closer look at different kinds of
electro-optic signals.

10 Characterization of the Components

Apart the DUT we use four optical components for the probing setup. A Distributed FeedBack
(DFB) laser serves as a laser source, an optical circulator makes the optical connections and a pig-
tailed focuser injects the laser beam into the DUT. Afterwards a fast photo detector converts the op-
tical modulation into an electrical signal. In this chapter we will have a closer look at the
characteristics of the laser, the circulator and the focuser and we will try to estimate their influences
on the probing results. Further we will use this chapter to point out some common problems with the
probing setup described in Figure 52. In this chapter we will only look at the problematical parts of
the setup. These parts limit the performance of the probing tool. We assume that all other compo-
nents satisfies "perfectly” the manufacture specifications and do not cause any inconveniences.

Laser Source

Focuser & Position

Temperature Controler

I — ! Circulator
e —————
. b Circulator
Laser %ZV :N: PM Fiber PM Fiber i
DFB ! FCIAPC L 7] o GaAs Substrate |
7 Connector, | o with Microwave |
Ly P o Guide |
T o SM Fiber LT
e ‘
Current Source : SR Signal Analysis
e : Networkanalyser
i Photodiode Bias +50dB
g |
cas
(o }nfg (D]
e 0 oY S
e
,,,,,,,,,,,,,,,,,, e —
°C DoooD
Voltmeter

Figure 52 General measurement setup used during the development of the probing tool.
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10.1 Characteristics of the laser

10.1.1 Measurement setup

As a laser source we use a pigtailed Alcatel 1905 LMP laser. This laser is mounted into a butterfly
package with an internal thermo-electric cooler element and an internal photodiode for monitoring
the laser beam (Figure 53). The “fiber output” of the laser is a Polarization Maintaining (PM) fiber
with a Fiber Channel Angled Physical Contact (FC/APC) connector. The polarization is aligned
parallel to the slow axis of the fiber. The main feature of Alcatel 1905 LMP is that it can provide
an output power up to 40 [mW].

Figure 53 Picture of the Alcatel 1905 LMP.

We noticed in the previous chapter, that it is necessary to adjust the wavelength of the laser as the
modulation changes in function of the wavelength. Considering that the periodicity of the DFB
structure changes with the ambient temperature, we can use the internal thermo-electric cooler el-
ement to tune the wavelength. So we connect the laser with a temperature controller to adjust the
laser temperature and hence its wavelength. The drawback of this solution is the fact that the tuning
of the temperature changes also the energy levels in the semiconductor of the laser. Therefore the
output power of the laser is varying in function of the temperature. Considering that a constant out-
put power is required for the probing, we connect the internal photodiode to the current source of
the laser. As displayed in Figure 55 the current source controls the laser current in a way that the
current in the monitor photodiode is always constant. Hence the output power is supposed to be
constant as well.

Temperature Controler

P CIIITIIIIIIIIIIIIIIIIIIILTTT '
Temperature:20°C ~ |----m-mmmmm o
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T «@ : 0 e
| a0

_— i 08 [° plof 1oy 13 13 14
CD) Polarizer Power Mete Current Source
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Current Source ? —
Figure 54 Characterization of the output power and theéigure 55 Connection of the current source and the tem-
polarization of the DFB laser. perature controller.
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For the verification of the laser characteristics we measure the output power in function of the ad-
justed temperature. We connect the laser to a power meter (Figure 54) and we trace the output power.
With a simple analyzer (polarizer), we determine the optical power in the fast and the slow axis of
the PM fiber. Afterwards we measure the wavelength of laser with an optical spectrum analyzer and
we plot it in function of the temperature.

10.1.2 Results

In Figure 56 we plot the output power of the laser for the case of a constant current as well as with

a controlled laser current. For the case with the constant current we can see that the output power
decreases with the laser temperature. In the other case the output power is more stable but there is
still a variation probably due to an unintentional internal cavity between the laser output and the end
of the fiber or the internal optical isolator.
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Figure 56 Output power of the DFB laser with a con-Figure 57 Relation between the laser temperature and
trolled laser current and a constant laser current. the according laser wavelength.

In Figure 57 we display the wavelength of the laser in function of the temperature. By computing a
data fit, we could express the relation between these two parameters by Equation (121),

A [nm] = 1550.274nm] + T [0.107[?2‘] . D4.2975104[;r‘?:”-;] +T3[7.23 Dm“[:‘—cn-;] (121)

wherel, indicates the wavelength and T is the temperature in degree Celsius. So the wavelength is
changing of about 0.1 [nm] per degree Celsius. As we can tune the temperature between 10 [°C] and
55 ['C], we have a wavelength range of about 4.5 [nm].

In Figure 58 we plot the power in the slow as well as the power in the fast axis fothdzation
maintaining AND Absorption reducing (PANDAjber. As we could expect almost all the power is con-
fined in the slow axis but there remains still some optical power in the fast axis. Considering that this
part is changing in function of the wavelength, we have to assume that the orientation of polarization
at the laser output is changing. Thus the axes of the polarization ellipse are slightly turning. As we
used only a simple analyzer, we could not determine the polarization properties properly. To get a
better impression of the situation we define the anld he angled is defined in Equation (122)

and it represents the turning of the polarization under the condition that the beam is always polarized
linearly.
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Figure 58 Output power of the fast and the slow axis offigure 59 Spectrum of the DFB laser: The laser is
the PM fiber. It seems that the polarization isolation (difoperated at 25 [°C] and the laser current is 173 [mA].
ference betweeng|,,y and k) is maximal for the recom- The optical spectrum analyzer was set to a resolution

mended or typical operation point with a laser current g#f 10 [pm].
250 [mA] and an ambient temperature around 25 ['C].

Figure 59 shows the spectrum of the DFB laser taken with an optical spectrum analyzer. We can
notice the high signal to noise ratio of over 40 [dB].

10.2 Characteristics of the circulator

10.2.1 Measurement setup

The circulator (Figure 60) is used to connect the laser, the focuser and the photo detector as shown
in Figure 52. The fibers connected to port 1 and port 2 are PM fibers with a FC-APC connector at
each end. With the angled connector we can avoid most harmful reflections caused by the interface
between fibers. The polarization should be well defined at the output of the focuser. The fiber at
the port 3 is a standard mono mode fiber with a Fiber Channel Physical Contact (FC-PC) connector.

For the determination of the circulator properties, we inject the laser beam into port 1 to port 3 par-
allel to the slow and the fast axis of the PM fiber and we have a look at the output of the other ports.
So we can deduce the different attenuations caused by the circulator.

In a second time we have a look at the polarization isolation at the output of the circulator. For this
measurement we connect the DFB laser with port 1 and we tune its wavelength over the entire
range. Afterwards we check the power at port 2 for the slow and the fast axis with an analyzer
(Figure 61).
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Figure 60 Picture of a pigtailed circulator used Figure 61 Circulator and connectors used in our setup. The laser
in the measurement setup. is connected to the port 1, the focuser to port 2 and the photo
detector is linked to port 3.

10.2.2 Results

Input Output Attenuation
port 1(slow) port 2 2.5[dB]
port 3 > 60 [dB]
port 1(fast) port 2 1.25[dB]
port 3 > 60 [dB]
port 2(slow) port 3 6.8 [dB]
port 1 32 [dB]
port 2(fast) port 3 2.5[dB]
port 1 33[dB]
port 3 port 1 > 60 [dB]
port 2 33[dB]

Table 4 Characteristics of the circulator used for the setuphgr1550 [nm)].

The indicated values may change slightly after redoing the connections or by
bending the fibers.

In Table 4 we can see the attenuations between the different input and output ports. If we inject the
laser beam into the slow axis of the PM fiber the attenuation between port 1 and port 2 is 2.5 [dB]
and itincludes the losses due to both FC/APC connectors (typically 0.2-0.4 [dB] for each one). If we
align the incident polarization parallel to the fast axis of the PM fiber, the output power is attenuated
by 1.25 [dB]. The path between port 2 (slow) and port 3 introduces a much higher loss (6.8 [dB])
probably caused by a displacement of the fiber inside the circulator. All attenuations are higher than
indicated by the specification of the producer.

In Figure 62 we show the attenuation between port 1 (slow) and port 2 in function of the wavelength.
We can see that the attenuation is coarsely constant but we have to notice that the slow axis is inject-
ed into the fast axis and vice versa. We can also observe that the polarization isolation changes with
the wavelength.

With a similar setup we check the attenuation between port 2 and port 3 which is displayed in
Figure 63. In this case we can observe the harmful influence of an internal cavity. This cavity is prob-
ably caused by the reflections from the FC/PC connector at the end the fiber.
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Figure 62 Attenuation between port 1 (slow) and port 2Figure 63 Attenuation between port2 (slow) and
(slow respectively fast). We can observe that all the powgort 3. The value of the attenuation is a little bit higher
went into the fast axis. At the output of port 2 the turninghan expected and we can see the effect of a harmful
of the polarization in function of the wavelengthcavity probably due to the flat FC/PC connector.
increased.

10.3 Characteristics of the focuser

10.3.1 Measurement setup

There are several unknown characteristics of the focuser. First we want to know the attenuation in-
troduced by the focuser and its fiber connector. In the previous paragraphs, we saw that the polar-
ization of the laser beam changes slightly in function of the wavelength. Considering that the output

of the focuser is the incident laser beam on the electro-optic crystal, we are also interested in its
state of polarization in function of the wavelength.

Polarization Maintaining Anti-reflection treated Power Meter
Fibers with Circulator Lens

[oNeoNe)
(@]

FC/APC
Connector

-

DFB Laser
Figure 64 Measurement setup for the characterization of the focuser.

Focuser
Analyzer

The determination of the polarization is a little bit more complicated as the second output of the
focuser is a lens for the focusing of the beam. Hence we cannot analyze the polarization with the
pigtailed analyzer used in the previous setups. Considering that the focal distance is dinmui, 10

we have to insert another lens to obtain a parallel laser beam. This beam passes a polarization beam
splitter and is picked up by a power meter as described in Figure 64.

10.3.2 Results

As we can see in Figure 65, the attenuation of the focuser including the FC-APC connector is about
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0.15[dB] or with other words there is almost no loss

We also display the intensity at the output for two different directions. The first direction was chosen
in a way that the output was maximal and the second one was orthogonal to the first one. As we can
see in Figure 65 the power in both axis are still changing in function of the wavelength. We can use
the data to estimate the turning of the polarization as we already did it in Equatioh (122).

_ EMin(ISecon()[l_ ax('Secom) _
o = ArCTanD—Max(lFi,sQDArCTa TMin(-o) 0 - (123)
[0.0047 O75] 10 oa £ 14
ArcTanﬂ)_gz(ﬂArcTaHégS—3 |0.24— 5.18 = 5.1[Degreq

- -

~— Attenuation ]
~— Attenuations || MAX -
=—= Attenuation || MIN ]

: 1Y%

N M R
1553 1554 1555 1551
Wavelength[nm]

Figure 65 We adjust the analyzer for two orthogonal axis and we trace the
output power for the whole wavelength range.

Attenuation [dB]

T R B
1552

10.4 Comment

The conclusion of the different verifications is that the polarization as well as the power at the output
of the focuser are less stable than we expected. The polarization properties degrade during the prop-
agation through the signal path. The degradation is probably due to the birefringence of the PM fiber
in combination with a not perfectly aligned polarization at the output of the laser source. Also the
two connections might introduce a further degradation of the polarization properties. The variation
of the output power is caused by the laser. Both problems will affect the quality of the probing.

We have to add that we did not have spare equipment for the entire setup. So we could not compare
if flaws of the equipment cause the mentioned problems or if we deal with a general technical or the-
oretical problem. Probably the difficulties are caused by both origins.

1. Normalized Intensity.
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11 Measurement of the Fabry Perot Cavity Response

In this paragraph we will measure the response of the Fabry Perot cavity. We will compare the re-
sults with theory and we will analyze the factors influencing the probing results.

11.1 Measurement for different magnification factors

11.1.1 Measurement setup

For the verification of the description of the cavity, we trace the Fabry Perot cavity response with
the measurement setup of Figure 66 for the sample displayed in Figure 67. The wavelength of the
laser is tuned in the range between 15&th] and 155 nm]. The laser beam passes the circulator
and is focused on the GaAs substrate through a lens. As the magnification factors of the pigtailed
focusers cannot be changed (it is fixed to the factor 1), we do a series of data acquisitions with a
single anti-reflection treated lens with a focal distance of IcBj. The lens is placed in front of

the FC-APC connector. Its position and hence the magnification factor can be manipulated by a mi-

cro controller. At the output of the circulator, a power meter picks up the power of the reflected laser
beam.

Temperature Controler

Lens with GaAs
Optical f=1.35 [cm] Substrat

v Circulator

Laser| gZIV‘v

DFB PM Fiber PM Fiber with |
L FC-APC Connector ; ;
i | : ; ;

—_— .
M Fiber
— SHFibe

Current Source

Power Meter

Figure 66 Setup for the measurement of the CaVitM:'gurem Picture of the microwave guide used for the

response. The DFB laser provides the laser beam agghphing. The GaAs substrate (in the middle) is 500

the circulator guides the beam to the lens. The samfick and has 5 golden 33pm] wide microwave guides

lens picks up the reflection and the circulator guidegy, it. This device is bigger than standard MMIC (typically

them to an optical power meter. 100[pm] thick and 10{um] wide guides). It is easier to
handle and the focus is much easier to adjust. On the left
side is a 5JQ] impedance and on the right side is a SMA-
connector for the input of the microwave signal.

11.1.2 Results

The results of Figure 68 correspond with the description of Figure 28 respectively of Equation (70).
In Figure 69 we have several measurements for different values of A and B respectively for differ-
ent magnification factors. We can see that the reflected power decreases with the magnification fac-
tor as plotted in Figure 69. So we have a trade off between the spot size (proportional to the
magnification factor) and the reflected power. The spot size determines the spatial resolution and
the reflected power governs the sensitivity of the probing tools.
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For configurations with small magnification factors we can observe another effect (Figure 68). The
response of the Fabry Perot cavity becomes asymmetric. Here we define the asymmetry as difference
between the intensity for a wavelengiy,,, + AA and the intensity Ngg,—AA as given in
Equation (124). The parametgy,y indicates the wavelength where the reflected intensity becomes
maximal and théA represents a small difference in the wavelength.

ILaser()‘Max + A)\) Z lLaser()\Max_A)\) (124)

This effect may be caused by a supplementary phase shift introduced by the focused Gaussian beam
as explained in 8.2.3 on page 50.

— A=1.6 [cm] B=16.3 [cm]
e—o A=2.65 [cm] B=2.5 [cm]
=—a A= 3.0 [cm] B=2.1 [cm]

o
©

o
o

0.4

Normalized Reflected Power []

°
N}

Wavelength [nm]
Figure 68 Normalized (The unity is equal to 100% reflection) cavity response for different values of A and B
for the substrate displayed in Figure 67. We can observe that the loss increases with the magnification factor
M=B/A. By using Equation (74) and Equation (75) we can calculate the reflection coefficient r and R. For the
case with A=1.6cm] andB=16.3 [cm] we get r=0.57 (theoretical 0.54) and R=0.49 (assumed 0.63 @B}2

The periodicity of the Fabry Perot response depends on the refractive index and the thickness of the
substrate. So by taking the wavelengif,, of a maximum as well as the wavelength of the next
minimumAy,;, and by using Equation (125) we can recalculate the size d of the cavity.

=1 o Awa P - 1 1555.203nm] 1555.563nm]
an, EixMaX_AMm| 4 [8.374Ei1555.202nm] —1555.563nm|

d = 496[um] (125)
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» o (2]
T
I I I

o
w

L
L
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A/ Focal Distance []

Figure 69 The maximal reflected intensity in function of the factdrFocal Distance= 1+ 1/ M where
Focal Distance describes the characteristics of the lens. The magnitudes are normalized as in Figure 68.

o
N}
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11.2 Measurement of the different reflections with a optical reflecto-
meter

11.2.1 Measurement Setup

As we have an Optical Low Coherence Reflecto-meter (OLCR) in the laboratory, we are able to
analyze the different reflections of the Fabry Perot cavity with this probing tool. With the setup of
Figure 70 we have the possibility to look at the different reflections separately and so we can illus-
trate the summation of Equation (68) on page 28. The basic idea behind the reflecto-meter is to split
the laser beam of a white source in two parts ([ 42 ], [ 43 ]). The first is injected into the DUT and
its reflections are recollected. The second part is injected into a reference branch with a variable
length. At the output the reflections from the DUT and the output of the reference branch are re-
combined. As the spectrum of the white laser source is broad, the coherence length of the laser
beam is very short. In this setup it is about Bin] [ 43 ]. Thus only the reflection from a very
specific location (depending on the length of the reference branch) will cause constructive interfer-
ences and hence will be picked up. All other reflection will vanish due to destructive interferences.

Low Noise
Photodetector

- %S‘N Acusto-optic Moving Prism
Lockin Amplifier Modulator

& data processing %g ,[)4 ,,,,,,,,,,,,,,,,,,,,,,, A~
—1 50:50 Reference
[) Branch

50:50

Step of 316 [nm]

-

White Laser
Source

Fabry Perot
Cavity
(DUT)

' A B
Figure 70 Setup for the measurements with the reflecto-meter. At the bottom
you can see the Fabry Perot cavity as DUT. The other parts belong to the reflec-
tometer.

11.2.2 Results

In Figure 71 we can see the results of an optical low coherence reflecto-meter measurement. On the
x-axis we have the delay induced by the reference branch expressed in a distance in air and hence
the position of the reflection in the DUT. On the y-axis we have a value proportional to the intensity

of the reflections. So the first peak represents the reflection on the air / GaAs interface. The second
peak is delayed by a distan®greq = dh, = 1.6877 mnj . Here d is the thickness of the
substrate (50um]) and n is the refractive index of GaAs (3.3 4 his peak is due to the first re-
flection on the golden back face of GaAs substrate. The other peaks are caused by the further re-
flections on the golden back face. Hence we can observe the attenuation of the signal in the cavity.
We have to notice that the higher order reflections decay more than expected.
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Figure 71 Results of the measurements with the optical low coherence reflecto-meter. Here we
have the reflection for a setup with a high magnification factor M=B/A as Afir§ and
B=16 [cm]. The distance between the reflectionsigR#1.7[mm]. By looking at the width of

the reflections, we have to assume that the surface causing the reflections is uneven.

For a second series of measurement we displace the lens position. Thus we change the parameters A
and B and hence we can analyze the reflections for different magnification factors as displayed in
Figure 72. We can see that the higher order reflections are weaker for a setup with a lower magnifi-
cation factor. In this case the laser beam diverge more and therefore the losses are higher.
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Figure 72 We measure the reflections for different magnification factors M=B/A.
We observe that the magnitude of the different reflections depend on the factor M.
Hence the reflection coefficient r and R change in function of M.
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11.3 Comment

The response of the Fabry Perot cavity corresponds well to the mathematical description especially
its periodicity. The magnitude of the reflected intensity differs slightly from the theoretical values,
as we had to guess the reflection coefficient of the golden back face. It seems that the golden back
face is more uneven than expected. The other drawback is the asymmetry of the response.
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12 The electro-optic signal

In the previous paragraph, we focused the laser beam onto the GaAs substrate and we traced the in-
tensities of the different reflections in function of the wavelength. In this chapter we will apply a mi-
crowave signal to the substrate of Figure 67 and we will analyze the resulting modulation for
different conditions.

12.1 The Electro-Optic Signal

12.1.1 Measurement Setup

For the following measurements we will apply a microwave signal with amplitude of
-11.2 dBm..irid and a frequency of 1. B5HZ] to the microwave guide. This signal is generated

by the output of a network analyzer. At the other end of the microwave guide, we connect a resistor
of 50[Q] to avoid disturbing reflectiondHence the magnitude of the voltage applied across the
50 [Q] resistor will be about 58mV,,d or 82[MVampjitugd - We assume that the electric field just
beside the microwave guide caused by this voltage satisfies the condition of Equation (126). We will
probe this field with our probing setup.

E,»E, and E»E, (126)

The probing setup of Figure 73 is very similar to the setup used for the acquisition of the cavity re-
sponse in the previous paragraph. The only modification is the exchange of the detection unit and
the use of the pigtailed focuser instead of the single lens. The power meter is replaced by a fast pho-
todiode and a bias tee separates the DC and the RF-part of the photodiode signal. The DC-part of the
signal is measured with a computer controlled voltmeter and is used to determine the power of the
laser beam and hence the response of the cavity. The RF-part of the signal is amplified and connected
to the input of the network analyzer. In this way the network analyzer can measure the amplitude and
phase shift of the modulation.
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Figure 73 Setup for the acquisition of the electro-optic signal.

12.1.2 Results

In Figure 74 we plot the response of the Fabry Perot cavity. For further data analysis we will have
to compute the derivativelg.qeciedd 0N,  Of the response. As it is difficult to use the discrete data
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points for this calculation, we put a data fit into the graph and we used the data of the fitted curve
for calculation of the derivative. For all of the following data fits, we use Equation (116) as we
achieve better results than with the “standard” description of the Fabry Perot cavity.

During the same measurement we also acquired the magnitude and phase shift of the modulation.
The magnitude of the modulation is displayed in Figure 75 as well as the derivative of the data fit.
As we can see the modulation is proportional to the derivadiMvgiocied OA as indicated by
Equation (83) on page 32.

By knowing the wavelength, and the refractive indexjmas well as the electro-optic coefficient
r41, we have all parameters of Equation (83). Thus we can calculate the electric field caused by the
microwave signal in function of the derivative and the electro-optic signal as displayed in
Equation (127). For the calculation we use the point where the electro-optic signal becomes maxi-
mal as displayed in Figure 75.
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By knowing or by measuring the thickness of the substrate we can calculate the voltage of the mi-
crowave signal. The magnitude of the probed voltage calculated in Equation (128) represents the
amplitude of the microwave signal. The probed value should be aroufith\8zjituqe but we
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find only 51[MVampiituad - One possible explanation for the difference between the applied voltage
and the sensed value is the position of the probing beam. This location is abjouihBBeside the
microwave guide. We will have a closer look at this problem in chapter 13.1. Another possible ex-
planation is the inaccuracy of the electro-optic coefficignt r

\ \%
VMircowave = EMircowave[a] Ed[m] = 10'1:{;]] EBOOD166[m] = 0-051[\/] (128)

The network analyzer also displays the phase shift. The absolute value of the phase shift is of no in-
terest as it depends on the length of the cables and fibers and the phase shift induced by the photo-
diode and amplifier. But by tracing the phase shift for all data points we can analyze the variation of
the phase shift. According to Equation (83) respectively Figure 31 on page 33 there should be a
phase shift of 180° between these regions with a positive derivatiy@qcied 0, and those with a
negative one. In Figure 76 we plot the phase shift acquired by the spectrum analyzer. We can observe
that the measurements match well the theoretical description.
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Figure 76 The phase shift measured by the network analyzer. The “lowest”

phase shift was set to0

12.2 The electro-optic signal for different directions of the polarization

12.2.1 Measurement Setup

For the measurements in the previous paragraph, we aligned the polarization of incident laser beam
with the optical axis caused by an electric field parallel to the z-axis. In this setup we will turn the
polarization around the z-axis to illustrate the theoretical results of chapter 5.2 and to estimate the
influence of a misalignment.

For this data acquisition we use the same probing setup as for the previous measurements. We just
turn the focuser as displayed in Figure 77. As the polarization is known at the output of the focuser,
we also change the alignment of the polarization and hence the angle between the optical axes of the
crystal and the polarization of the laser beam which is definefil &nfortunately we change also

the position of the laser beam as the output of the fiber is not perfectly in the middle of the turning
axis. So we had to readjust the position each time and hence the results are slightly different for each
angle.

So we execute several data acquisition for different values betgve@hand$=90" .We plot the

71




Measurements
resulting modulation and the according phase shift.
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Figure 77 Setup for the verification of the influence of the polarization of the laser
beam.

12.2.2 Results

In Figure 78 we display the modulation for different orientation of the incident polarization. We
can observe that the magnitude of the modulation is maximal if the polarization is aligned parallel
with the optical axis of the GaAs crystai£0°). The modulation becomes minimal aroupr45°.

Thus the magnitude of the modulation is roughly proportionatts(2¢) . We have to add that
these measurements are rather difficult to execute as we have to adjust the position for each mea-
surement and as the polarization of the incident laser beam is turning slightly.
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Figure 78 Optical modulation for different values ¢f

In Figure 79 and Figure 80 we display the modulationdfe0’ and for¢=90° or with other words

we aligned the polarization parallel with the first and the second optical axis of the crystal. In the
first plot we can see that the magnitudes of the modulation are slightly different as the position are
not identical. As the thickness of the substrate also changes slightly with the position, the periodic-
ity of the Fabry Perot cavity is slightly different. Hence the “shape” of the electro-optic signal is
not identical. In the second plot we display the phase shift of the modulation. In the previous para-
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graph, we saw that the derivatidézq.cied’ 0N,  fOr the “higher peak” is always positive. By looking
at Figure 79 and Figure 80 we can see that there is a phase st#fi‘dbetween the “high peak” of
$=0° and for$=90°". The reason for this phase shift is the different sign in Equation (129).

Ny=g = No+ %nngE (129)

13
Ny =90 = MNo—5 NoraE
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12.3 Linearity and the Signal to Noise Ratio

12.3.1 Measurement Setup

In this paragraph we want to verify two other important probing parameters. First we will have a look
at the linearity of the probing and hence the reliability of the measuring technique. Afterwards we
determine the Signal to Noise Ration (SNR) and so we try to estimate the smallest detectable signal.

For these measurements we do some modification in the measurement configuration. Instead of the
network analyzer, we use a spectrum analyzer with an integrated photodiode as shown in Figure 81.
As the spectrum analyzer has an integrated photo detector including an option to measure the laser
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beam intensity, we can discard of the external photodiode, the RF-amplifier and the voltmeter. On
the other hand we insert a function generator for the microwave signal generation. The function
generator allows us to have a microwave signal with a well-defined magnitude and frequency at the
input of the microwave chip.

Temperature Controler

_—
’
Opical

‘ Circulator

GaAs with a_
Microwave Guide

Laser| &y . B
o | ¥ PM Fiber PM Fiber
b with Focuser

_—
?

Function Generatc

v " XY Table

Current Source __: nlODdBm
SM Fiber

o
o

A Spectrum Analyse

i with an integrated

o Photodetector

Figure 81 Setup to determine the linearity and the signal to noise ratio. The network ana-
lyzer is replaced by a spectrum analyzer signal with an integrated photo detector (for the
signal analysis) and a function generator (for the signal generation).

For the verification of the linearity, we apply different signal levels at the input of the DUT. We
assume that the electric field due to the microwave signal inside the substrate is proportional to the
magnitude of the input signal. So we will acquire the Fabry Perot response and the magnitude of
the modulation with the spectrum analyzer. Afterwards we will calculate the electric field and the
applied voltage.

For the measurement of the SNR we adjust the wavelength of the laser beam so that the electro-
optic modulation becomes maximal. We adjusted the parameters of the spectrum analyzer and we
store the display of the spectrum analyzer. Afterwards we use these plots to calculate the ratio
between the peak amplitude or signal and the noise as well as the smallest detectable signal

V sensibility
12.3.2 Results

In Figure 82 we display the measured magnitude of the electric field for different applied signals.
The intensity of the applied microwave signal is changing in the range betweduB2% qctid

and -40[dBmge.tid at a carrier frequency of 1[&Hz]. This signal generates an applied voltage
between 3.1585V] and 22[mV] over the50 [Q] impedance at the end of the microwave gufda

the y-axis we plot the probed voltage. We can observe the linear relation ship between the applied
voltage and the sensed magnitude.
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Probed Signal [Volt]

0.1
Applied Signal [Volt]

Figure 82 The x-axis corresponds with the voltage of the applied microwave signal
and the y-axis is the probed tension.

In the following figures we illustrate the SNR as well as the acquired electro-optic signal in function
of the wavelength. In Figure 83 we can see that the SNR increases with the increasing applied mi-
crowave signal. A stronger microwave signal will cause an electro-optic probing signal with a higher
SNR. For a typical microwave signal with a power ofdBmgeid We get a SNR around
22.4[dBoptid-

For the determination of the smallest detectable signal callgd iy We use a special approach.

We always measure the response of the cavity to calculate its derivative. According to Equation (83)
the derivative is proportional to the magnitude of the modulation. By calculating the cross correla-
tion r° between the measured modulation and the normalized derivative, we can quantify the quality
of the data acquisition. By requiring that for a valid acquisiti&a: 0.9 and by considering the filter
bandwidth (1JHZz]) of the spectrum analyzer, we can estimatgeiiity @S given in
Equation (130).

5.94m mV
Vsensibility = ﬁ =187 ﬁz] (130)
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Figure 83 Signal to noise ration for different signal levels (left) and the according acquired electro-optic signal
(right). The reference level of the spectrum analyzer is set tgdBg | or 316 [nW] and the resolution band-
width to 10[HZz]. For the signal to noise ratio the frequency span is 2 [kHz] and for the acquisition of the electro-
optic signal to 15 [Hz]. The sweep time is automatically chosen in function of the other parameters.

We have to add that the SNR and especially tkgn\ivirydepend strongly on the parameters of
the probing setup like the sweep time, resolution bandwidth and reference level of the spectrum an-

alyzer, output power and SNR of laser as well on the amplifier of the photo detegtpg;iry de-

pends also on r and R as the reflected intensity changes with these parameters. Hence the presented

values indicate only the order of magnitude.
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12.4 Comment

In this paragraph we analyzed the behavior of the amplitude modulation for the realized setups. In
our setup, we used polarization maintaining fibers and pigtailed focusers for the first time. Hence we
could align properly the polarization of the incident laser beam. In general the probing tool worked
well and the results matched the theory.

The interesting points of the probing setup are its linearity over a wide range of applied voltages
(0.01] Voltfjupto I Volf ) and its good sensibility.87 m\V/ HZ . Another important point is the
repeatability of the probing tools. There was no problem to reproduce similar results another day un-
der the condition that we did not change the positioning or orientation of the laser beam.

It was valuable that for the calculation of the electric field you have to divide the magnitude of the
optical modulation yoquiation Y the derivativedl zeqecied 0N,  Of the Fabry Perot response. Hence

all attenuations in the optical path are irrelevant as both terms are affected in the same way. Another
interesting point of the relation between the derivative and the electro-optic signal was the detection
of crosstalk between the function generator and the laser current. As the probing beam has to be con-
stant even a small unintentional modulation of the laser beam can decay the probing result. We were
able to overcome the problem by placing RF-absorbing material around the laser and other sensitive
devices. We could easily detect this cross talk by looking at the cross correlation between the mod-
ulation and the normalized derivative. The better the correlation is the lower is the cross talk. If both
plots looks totally different, the modulation is caused by cross talk.

On the other hand we discovered several inconveniences. As the output power and polarization of
the laser beam are not stable in the entire wavelength range, the resulting modulation could change
in function of the wavelength. For probing near the microwave guide additional (harmful) reflections
appeared and decayed the probing quality.
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13 Mapping of the electric field in a MMIC

In the previous chapters, we probed the electric field only for one point. In this chapter we will mea-
sure the magnitude of the electric field for several different positions. Hence we can show the elec-
tric field distribution in a device.

13.1 Measurement of the electric field beside a microwave guide

For the following measurements, we use the GaAs circuits with a microwave guide described in
Figure 67. We will probe the voltage and phase shift for different positions beside the microwave
guide. As the setup of the GaAs is rather simple, we could simulate the electric field distribution
with a professional computer program. So we are able to compare both results.

13.1.1 Measurement Setup

The probing setup displayed in Figure 84 is identical with the setup used in chapter 12.1. We just
changed the acquisition software in a way that it could change the position of the probing beam. It
uses the acquired data to calculate automatically the wanted voltage.

Step Motors

Panda-Fiber------8 ___

L
o

S

: ::Micro—ManipuIators

/

DUT Focﬁser Conﬁector
Figure 84 Equipment used for the probing. At the bottom of the schema is the DUT with sev-
eral SMA connectors for the input signal. Just above the DUT is the focuser at the end of the
PM-Fiber. Two step-motors are used to change the position of the incident laser beam and sev-
eral micro-manipulators are used to adjust the focus and the orientation of the polarization.

13.1.2 Results

In Figure 85 and Figure 86 we display the voltage respectively the phase shift for different posi-
tions beside the microwave guide. The distance between the different probing pointgis]Ehfl

hence about a third of the diameter of the probing beam given in Table 3 on page 50. By taking into
account the aberration of the focuser, the distance between the microwave guide and the first prob-
ing point is about 30im]. Again we apply a microwave signal of -11.2 [dBgyid over the

50 [Q] terminated DUT. Thus the measured voltage is lower than the applied microwave signal of
58[MVmd or 82[MVampiitugd- The frequency of the microwave signal is &2].
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Voltage [mV]
Phase Shift [°]

40 550

Figure 85 \oltage between the air / GaAs interface andrigure 86 Phase shift of the electro-optic signal for dif-
the golden back face for different position beside thérent position beside the microwave guide. If the prob-
microwave guide. If the probing failed, we set the volting failed, we set the according phase shift to zero.
age to zero. This was the case when the laser beam was

partially or entirely focused onto the golden microwave

guide.

13.1.3 Simulation
As the structure of the microwave guide is rather simple, there is no problem to create a computer

model (Figure 87) and to calculate the electric field distribution with a commercial simulation tool
for microwave applications (CST Microwave Studio).

0.3 [mm]
el e
Output Port ---------.__ Hm ___---~" Microwave Guide
Simulation ----«] i /‘* GaAs Substrate
7 Golden Backface
Input Port  ----- / :
osmm} [ _— | 12 [mm]

4 [mm]

Figure 87 Model of the microwave guide used for the computer simulation. We set up
the simulation in a way that we compute the electric field distribution in the middle of
the sample.

The software calculates the complex electric field vector as displayed in Figure 14 on page 12. With
this database we can calculate the voltage between the air / GaAs interface and the golden back face
and its phase shift. We calculate the voltage and phase shift by doing the integration for the real and
the imaginary part of the z-component of the electric field vector over the entire distance between
the air / GaAs interface and the golden back face. Afterwards we can deduce the absolute value
(Figure 88) and the phase shift (Figure 89). In both figures we put also the results of the experimental
measurements.
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Figure 88 Normalized voltage between the air / GaAgFigure 89 Calculated and probed phase shift. Even if we

interface and the golden back face as well as the prob&ake into account that the probed phase shift is only rela-

voltage. tive to arbitrary reference, it does not match the simula-
tion. The origins for this mismatch might be the problem
explained in Figure 92.

13.2 Mapping of the electric field on a chip

13.2.1 Measurement Setup

In the previous paragraphs, we used a “test device” with a single very wide microwave structure
and 500 fim] thick substrate. In this paragraph we will use a “real MMIC”. The microwave struc-
tures are much smaller and more complicated as displayed in Figure 94. Also the substrate is only
100 [um] thick.

For the mapping of the microwave signal, we use the setup of Figure 81. We apply a microwave
signal with a magnitude of 6 [dBgyid at carrier frequency of 1 [GHz]. We terminated all out-
puts with 50 f2] impedances. We probe the field at the intersection described in Figure 90.

13.2.2 Results

Bonding wire Bonding wire

|- Microwave Guide

- Probed region

30
2
S
E=]
17}
c
@ 0.
i

Reflection from
Capacitance

15 > 15
Figure 90 Reflection from the surface of the DUT. SuchFigure 91 Magnitude of the voltage probed in the
plots are used to get to a wanted position on the devic®IMIC.
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One of the biggest problems of the probing is finding the desired positions on the ICs under test. The
difficulty of finding the position is managed by scanning the reflection from the surface and by plot-
ting them. In Figure 90 we can see the result of such a scan. Hence there is no problem to direct the
laser beam to a specific position. In Figure 91 we probe the voltage around an intersection of two
microwave guides. The acquisition of each point take between 30 [sec] and 1 [min] depending on
the probing parameters and the position of the point. So it takes a long time to probe the electric field
distribution for a large map.

13.3 Comment

In this chapter we saw that we can use our equipment to map the electric field distribution in a
MMIC. The results are coherent and reproducible. On the other hand there are several theoretical and
technical inconvenience. As we discussed in chapter 5.3, the optical axes move in function of the
vector of the microwave signal. So the measurements are only correct under the condition
E,»E, and E»E,. Near the microwave structure the electric field is roughly parallel to the z-
axis and hence the condition is satisfied. Further away from the microwave guide this assumption is
not valid anymore and hence the polarization of the laser beam and the optical axes are misaligned.
Hence we will have a systematic error for these measurements. Also the definition of the probed
voltage and its phase shift becomes doubtful as the distribution of the electric field inside the sub-
strate varies strongly in function of z as displayed in Figure 92.

Air i) i) i
’ A
,,,,,,, -
GaAs Substrate EZ 7777777 \ - * - d
SRR A R
X

Golden Backface

Figure92For , our measurements we define the voltage as
Voltage,= |E,| (1. We will probe the same voltage even if the electric field
distribution is not identical as displayed in i), ii) and iii).

The major technical inconvenience is that it takes a long time to probe an entire device.
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14 Measurement of the S-parameters

In the previous measurements, we always used a sinusoidal input signal with a constant carrier fre-
quency. During the entire probing process, we did not change this carrier frequency. In our probing
configuration, the two basic elements are the continuous probing beam and the fast photo detector
which analyzes the modulation. The continuous probing beam does not depend on the microwave
signal and the characteristics of the photo detector should only change slightly in function of fre-
gquency. Hence we can change the carrier frequency of the input signal. So we can determine the
microwave signal in function of the carrier frequency. This kind of measurements are difficult to
perform with probing techniques using pulsed probing beams as the probing beam as well as the
detection unit depend on the carrier frequency.

By placing the probing beam just beside a wave guide, we can calculate the voltage of the micro-
wave signal for an entire frequency range. If we perform the same acquisition for two different lo-
cations inside the integrated device, we can calculate the attenuation between these points in
function of the carrier frequency. Hence we can determine parts of the s-parameter by using the
electro-optic probing tool. Thus we can measure the transfer function of parts of the MMIC which
are not connected with the inputs or outputs of the device.

14.1 Measurement Setup

For the probing of the s-parameters, we make only some minor changes in the setup described in
Figure 73. There are no “hardware-modifications” apart an additional electric amplifier. But there
are several changes in the acquisition procedure and hence in the acquisition software.

For the acquisition we execute first a data acquisition like in paragraph 12.1.2. Hence we know the
function 0l geiecied’ 0N, and the waveleng®yoquiationmaxWhere the electro-optic signal becomes
maximal. We perform this measurement for a single (constant) carrier frequency. Now we fix the
wavelength of the incident laser beam\igoquiationmax@nd we sweep the frequency of the micro-

wave signal over the requested frequency range and we calculate the voltage and the phase shift of
the microwave signal.

Bonding Wire 2

N
Bonding Wire 1
n_gu—

e

— ]
V Attenuauon;
\/ Probing Point 2 Phase

Probing Point 1

Figure 93 Setup for the probing of the S-Parameter.

By doing the same procedure at the input and the output of structure under test, we can deduce the
s,1 parameter (Figure 93) under the condition that the input and output impedance are well defined.
By switching the input and the output we can also find theparameter. On the other hand our
probing technique can only probe thg parameter respectively thg,gparameter under special
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conditions (microwave signal with wavelength about the same length as the wave guide).

14.2 Results

As an example we analyze the GaAs MMIC displayed in Figure 94. We used the port “DP3” as input
and “DP4” as output. The device is hot supposed to operate this way but this setup allows use to ver-
ify the propagation of the microwave signal along the signal path and to apply our probing technique.

~Additional
" Microwave Guides

- Outpu

- MMIC
Input

- 50Q Resistor

JONCTION
6 ACCES

SMA-Connector

Figure 94 Layout of the GaAs MMIC used for the Figure 95Wiring of the MMIC with the corresponding
probing of the s-parameter. SMA connectors.

We begin by measuring thgsparameter ‘classically’ by connecting a calibrated network analyzer.
Thus we measured the attenuation between the SMA connector of the input port and the SMA con-
nector of the output port as displayed in Figure 95. In Figure 96 we have the attenuation in function
of the frequency and in Figure 97 we have the corresponding phase shift. The measured parameters
are different from the parameters between the bonding pads as the additional wave guides between
the SMA connector and the bonding pad will influence the results. The measurement of the attenu-
ation is only slightly affected but the probed phase shift will be wrong. Hence the s-parameter probed
with the electro-optic probing tool will not match exactly these measurements.

Attenuation [dB]
Phase Shift []

T RN B | | | | |
00.0M  1.0G 126 14G 186G 186G 206 2.2¢ 000om 106 126G 14G  16G _ 18G 206G 2.2¢

Frequency [HZ] Frequency [Hz]
Figure 96 S,, Attenuation. Figure 97 S,; Phase Shift.

For this measurement we use a frequency range starting 4M8®) and stopping at 225MHZz].
There are two reasons for this choice: First the MMIC under test is designed for signals around
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1500[MHz]. The other reason is that we use several bandwidth critical instruments (amplifiers and
photodiode) for the electro-optic probing.

For the electro-optic probing of thesparameter, we measured the electric field just beside the
input and the output gate respectively. For identical settings we calculated the voltage and phase
shift in the range between 80Mhz] and 2250 MHZz]. In Figure 98 is plotted the voltage and the
phase shift probed beside the input port. This measurement is strongly affected by the frequency
dependent gain of the photo detector and the transmission parameters of the microwave cables. This
error is not critical as the probing at the output port (Figure 99) is affected in the same way. When
we calculate the attenuation and the phase shift between Figure 98 and Figure 99, this error will fall
out of the calculation. The calculated attenuation of Figure 100 is similar with the results of
Figure 96. On the other hand the results of the phase shift does not match with the parameter of
Figure 97 as we could not take into account the phase shift caused the additional wave guides and
the bonding wires.
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Figure98\oltage and Phase shifEigure99Voltage and phase shiftigure 1002Attenuation and differ-
probed beside the input port. probed beside the output port. ence in phase shift between the input

and output signal.

a. In this figure, we display the attenuation of the signal voltage. In Figure 96 we have the attenua-
tion of the signal power. As @ye7~2dBampiitude POth plots match.

14.3 Comment

In this chapter we displayed that we can probe parts of the s-parameter under the condition that the
input and output impedances are well defined. Hence we are able to analyze the functioning of parts
of the design layout. The difference between the electro-optic probed attenuation and the electric
acquired attenuation is caused by different configuration for the electro-optic probing at the input
and output port. As the distance between the microwave guide and the probing pointis not identical
for both probing, there is a slight difference in amplitude. The two measurements of the phase shift
do not match as the “lengths” of the microwave guides are different.
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15 Signal processing with Stimulated Brillouin Scatter-
iIng

As we could observe in the previous paragraphs, the magnitude of the electro-optic modulation is
extremely weak. On the other hand the average power is several orders of magnitudes stronger. We
illustrate a typical optical spectrum in Figure 101. The carrier represents the optical average power
and the modulation corresponds with the electro-optic signal. This situation is disadvantageous for
the further signal processing. Common commercial fast photo detectors have a “Maximum Operat-
ing Input Optical Power” (specifies the limits of its linearity) between 1 [mW] and 2 [mW]. Even
without an optical amplifier, we risk to saturate or even damage the photo detector.

Ime Carrier E

1004 ;7 é

10 ; Modulation Depthé

Z ug E

g . 3 [GHz] ~ 25 [pm] ]

S 100nE ) v -

o c Modulation = - e E

E Signal to Noise 3

F Ratio ]

100 L Y Y N B ‘ I N I Y B ‘ I N I Y B ‘ Y I Y B ]
1529.90 1549.95 1550.00 1550.05 1550.1(

Wavelength [nm]
Figure 101 Optical spectrum of the probing signal. The average power of the car-
rier is 1[mW] and the amplitude of the modulation 1p0V]. The noise level is
supposed to be around 3{W].

So we are looking for an optical device that attenuates the power of the carrier and amplifies the
modulation. Ideally such a device would not decay the signal to noise ratio or with other words
would not generate additional noise. The attenuation of the carrier should be independent of the input
power as well as the gain of the modulation.

The work presented in the following paragraph is the result of the thesis (Dipldme d’Etudes Appro-
fondis) of Petra Schmitt. We realized the corresponding experimental setups together in the labora-
tory in winter 2001. The aim of this thesis was to investigate if we could use the proposition of [ 45 ]
using Stimulated Brillouin Scattering (SBS) to enhance the modulation depth.

As nonlinear fiber optics is not the topic of this thesis, we will only indicate the basic ideas of Bril-
louin scattering. More detailed description of SBS can be foundin[2],[9] or [ 10 ]. After an in-
troduction of Brillouin scattering we will present the experimental results.
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15.1 Principles of Stimulated Brillouin Scattering

In a “real” transparent material e.g. an optical fiber not the entire laser beam is passing through. A
part of the injected laser beam is scattered backwards. One possible origin for the back-scattering
is the local variations of the refractive index.

15.1.1 Spontaneous Brillouin Scattering

Acoustic waves are a possible source for inhomogeneities in optical fibers. According to [9 ]
acoustical vibrations are already excited at normal temperatures due to thermal movement of the
lattice. These waves propagate either in the forward or in the backward direction of the fiber. The
acoustic wave induces region with different stress and hence generates an index grating inside the
material. A laser beam can be reflected from this grating depending on the periodicity of the grat-
ing. As the acoustic wave propagates inside the optical fiber, the according grating is moving as
well. An incident lightwave will be scatter backwards from this grating. As the grating is moving,
the frequency of the reflected laser beam will be shifted due to the Doppler effect. If the acoustic
wave co-propagates with the lightwave, the frequency of the back-scattered wave (called Stokes)
will be downshifted. The frequency of the back-scattered laser beam will be shifted upwards (Anti-
Stokes) if the acoustic wave moves in the opposite direction.

Acoustic Acoustic Acoustic Acoustic

- e

Photon Photon

Stokes Stokes Anti-Stokes ~ Anti-Stokes

Figure 102 Generation of the Stokes wave: A photorFigure 103Generation of the Anti-Stokes wave: A pho-
with an energy Byoonand a Frequency 0ppoionis  ton with an energy By qionand a Frequency ofppoioniS
scattered backwards by an acoustic phonon. scattered backwards by an acoustic phonon.

The quantum theoretical explanation of this process is illustrated in Figure 102. On the left side is
the incident photon with energygqion ON the right hand we have an acoustic phonon with energy
of Eacoustic The back-scattered Stokes photon has an energy;gfdk The generation of the Anti-
Stokes wave with an upwards shifted frequency is displayed in Figure 103.

15.1.2 Stimulated Brillouin Scattering

Now we will investigate the case of SBS. The difference between SBS and Spontaneous Brillouin
Scattering is the generation of the acoustic wave. For SBS the acoustic wave is generated by the
involved lightwaves themselves. Hence the SBS is not based on the acoustic phonons generated by
thermal movements.

The main physical process behind the “optical” generation of acoustic phonons is the electrostric-
tion in optical fibers. Dielectric materials like the silicon of optical fibers have the tendency to com-
pressin the presence of an electric field. As the electric field of a laser beam inside a fiber can reach
very high values, the electrostriction can trigger the generation of acoustic waves.

In Figure 104 we can see two contra propagating laser beams inside a glass fiber. The frequency
and hence the wavelength of the two laser beams are slightly different. The electric field of the for-
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ward and backward respectively traveling lightwave can be described by the wave equations given
in Equation (131).

EForwaro(Xv t) = EAmpIitude EBin(ZT[Vmeamt - I(Forwardx - (p) (131)
EBackwaro(Xv t) = EAmplitude [sm(zanackwarJ + kBackwarc?()

Eamplitude IS the magnitude of the electric field at the input. As we neglect for the moment all losses
this parameter remains constant for the entire fibgg,arg@NdVeackwardre€Spectively are the fre-
quencies of the laser beams ang/karqand ksackwargthe corresponding wavevectors. The propa-
gation direction is given by the signs of the wavevectggkarqand kackward X represents the
position in the fiber, t the time anglis a phase shift between the two waves. Thus the sum of both
electric fields is given by Equation (132).

Esum(xv t) = EForwaru(Xv t) + EBackwarc(Xv t) (132)
— : D)Forward+ VBackward]_ d(ForWard_kBackward]_ _(H] D’Forward_VBackward]_ d(ForWard+ kBackward]D
=2 [EAmpIitude Bm%mm 2 0 XD 2 0 ZDDCOS%TI.TD > 0 XD > 0

The resulting distribution is illustrated in Figure 104. As we could expected the superposition of the
two waves leads to interferences and hence to regions with very high electric field magnitudes and
regions with weaker ones. Due to electrostriction, periodical compression patterns are induced in the
material. The propagation velocity and periodicity of this pattern are given by the difference of the
optical frequencieSgynyarg@NdVeackward !f this propagation velocity matches the speed of sound

in silicon (typically around 5’960 [m/s] [ 2 ]) a new acoustic wave is created.

(Ao Ao A

Backward

2 2 B B B B B B B B NN

0 1p 2 3 4 5u 6
Position [Meter]

Figure 104 Pattern generated by the interferences of the two lightwaves in function
of the position (time is constant). The condition for the generation of a Stokes wave
is that the periodicity of the pattern satisfi®g,oxes = 2 gjpe, I\ . The parameter
Astokes!S the wavelength of the Stokes wave;ja, the refractive index of the fiber
andA is the periodicity of the pattern.

When we inject only one laser beam (often called the pump) into an optical fiber, there will be no

generation of an acoustic wave at the beginning. As there is always some Spontaneous Brillouin
Scattering, there will be a weak Stokes and Anti-Stokes wave traveling backwards. Hence we have
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two (with the Anti-Stokes three) contra-propagating lightwaves in the glass fiber. These contra-
propagating waves will cause the generation of new acoustic phonons and hence amplify the acous-
tic wave as well as the back-scattered laser beam. Thus we ignite a process that amplifies itself. This
process is called the SBS.

We have to add some comments about the Anti-Stokes wave. According to [ 9 ] the Stokes and the
Anti-Stokes wave have similar intensities for the case of Spontaneous Brillouin Scattering. For
SBS the Anti-Stokes wave becomes negligible. We can explain this by using the quantum theoret-
ical explanation. The energy and the moment of the photons and the phonons have to be preserved
during the “optical” generation of an acoustic phonon. Thus we can establish the relation of
Equation (133) between the wavevectors and frequencies of the implied photons and phonons. By
following [ 2 ] we can demonstrate that these conditions are not satisfied for the Anti-Stokes wave.

VPhoton = V(Anti-)smkes+ VPhonom Acoustic (133)

I(Photonz (Anti-)Stokes+ I(Phonom Acoustic

Now there remains one important point to investigate. How will the SBS behave in function of the
pump power? We are especially interested in the intensity of the Stokes wave in function of the
pump power. We know that the SBS amplifies the scattered Stokes wave. This gain depends on the
power of the pump wave as well as on the fiber properties and the linewidth of the injected pump.
As long as this gain is smaller than the losses or attenuation in the optical fiber, the Stokes wave
due to the SBS will not appear and we will find only Spontaneous Brillouin Scattering. If the gain
becomes much stronger than the losses, the SBS will increase with the pump power. The mathe-
matical description of this behavior can be found in [ 2] or [ 9]. The interesting point for our ex-
periment is that we find a kind of threshold or nonlinearity. Below the threshold there is practically
no back-scattering. The lightwave propagation in the forward direction is only affected by the ab-
sorption of the optical fiber. Above the threshold a big part of the incident laser beam is scattered
backwards and hence the attenuation of the forward propagation wave becomes much higher.

So the basic idea behind the following experiment is to deplete the carrier with SBS as its magni-
tude is well above the threshold. The modulation should not be attenuated in the same manner, as
it is below the threshold.

15.2 Verification of the threshold and spectrum of the lightwave

15.2.1 Measurement Setup

In this chapter we realize an experimental setup for the modulation depth enhancement following
the proposition of [ 45]. In this proposition the optical signal to process is injected in a 10 [Km]
long fiber. The Stokes wave generated in this fiber is recovered by an optical circulator and is re-
injected at the other end of the fiber as illustrated in Figure 105. The reinjection of the Stokes wave
enhances the Brillouin process as there is always a “significant” Stokes wave in the fiber even at
its end. Hence the threshold is significantly lower and the depletion of the carrier is stronger.

In this paragraph we try to reproduce the results of [ 45 ] with the equipment of our laboratory. The
goal of this measurement is to determine the Brillouin threshold and the optical spectra of the scat-
tered and transmitted laser beams. For the moment we neglect the behavior of the modulation.

1. Another possibility is to inject a weak optic signal with a carrier frequenaysgjiesinto the fiber. This signal propagat-
ing in the opposite direction as the pump will be amplifier by the Brillouin Scattering. This effect can be used to make
amplifiers with narrow bandwidth.
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As a signal source we use a DFB laser (Alcatel 1905LMP). We control its current and temperature
so that the output power is about 43 [mW]. With an optical attenuator we adjust the power of the
laser beam injected into the circulator between 0 [mW] and 28.8 [mW]. This laser beam is injected
into the loop as displayed in Figure 105. In our setup we use an 11 [Km] long dispersion shifted fib-
er! for the generation of the Stokes wave. The end of this fiber is connected to port 1 of a 90:10 cou-
pler. Port 2 of this coupler is connected to the output of a tunable attenuator linked to port 3 of the
circulator. Port 3 and port 4 of the 90:10 coupler are used to monitor the transmitted signal and the
back-scattered Stokes wave. The tunable attenuator has a special function. As the intensity of the
Stokes waves increases with the injected power, there will be a point where the re-injected Stokes at
the other end of the fiber will create a new Stokes wave itself. This would be very harmful, as this
additional Stokes wave would scatter directly on the detection system. Hence we have an interest
that the intensity of the re-injected Stokes remains below its Brillouin threshold. With the tunable
attenuator and by observing the optical spectrum, we adjust the intensity of the re-injected Stokes
wave so that it is just below this threshold.

With a power meter we trace the intensity of the back-scattered Stokes wave and the transmitted sig-
nal in function of the injected power. In this way we can determine the threshold for the Brillouin
scattering. By opening the loop we can demonstrate that the SBS is much stronger and more stable
with the reinjection of the Stokes wave. We open the loop by undoing the connection on port 1 of
the coupler and on port 2 respectively.

After determining the Brillouin threshold, we will measure the optical spectrum. With an optical
spectrum analyzer we measure the spectrum of the transmitted signal as well as the characteristics
of the back-scattered beam. We execute this acquisition twice: Once for the injected laser beam pow-
er well above the threshold and another one for the power below it.

Signal Source

..........................................

Laser Optical Attenuator
DFB
%Z W -3dB
[ ]
Brillouin Generation Signal Analysis
Circulator Fiber i i
11 [Km] i ! as
| Back Scattere i aa
o |2 % Signal q\ |
Injected Beam ‘ - ll ‘ : 3 ‘ Optical Spectrum Analyzer
‘ 8 Coupler
90:10 i
-
\®\ ZT ‘ 4 i : o oo
Transmitted :
Signal ' ! (@)
Adjustable Attenuator i Power Meter

Figure 105 Configuration used to verify the Brillouin threshold in function of the incident laser beam.

1. Dispersion null point=1560 [nm] andehective=50 [umM?.
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15.2.2 Results

In Figure 106 we display the intensity of the back-scattered Stokes wave in function of the injected
power. As we can see there is hardly any power scattered backwards for low injected intensities. If
the injected laser beam exceeds the threshold, the intensity of the back scatted Stokes waves in-
creases linearly with the injected power. In Figure 107 we can see that transmitted power increases
linearly up-to the threshold as no nonlinear effect affects its propagation. Above the threshold the
transmitted power decreases even that injected power keeps increasing. For the maximal injected
power, the transmitted signal is attenuated by about 20 [dB]. The dashed data indicates the same
measurements without a re-injection of the Stokes wave. For this case the threshold is about four
times higher.

700 e 700
'_600“; 600 p oo @O
g E _
=, 500p +——  With Reinjection =
[ : E oo Without Re-injection g soou s
3 E = g
= 400uE S so0u
3 >
S s00puf @ P
n E D 3004
] E € ,/"B +—» With Reinjection
03? 200 g . . é 2000 ° oo  Without Re-injection

100u - Threshold " Threshold =

o 0000000.0.0-0-0-6-0-0-0 100
E o b b b b b A e
0 5m 10m 15m 20m 25m 30m 0 5m 10m 15m 20m 25m 30m
Injected Power [Watt] Injected Power [Watt]

Figure 106 Power of the back scattered Stokes wave ifigure 107 Power of the transmitted wave in function of
function of the injected power. the injected power.

Now we investigate the spectra of the different signals. For all measurement we used the same spec-
trum analyzer with the same configuration (resolution of 10 [pm] etc.). We begin with the measure-
ments below the threshold. Thus we set the attenuator in Figure 105 to -12 [dB]. In Figure 108 we
can see the optical spectrum of the transmitted laser beam. The spectral characteristics of the light-
wave are hardly affected. The lightwave is only attenuated by -15.2 [dB] due to the losses in the
circulator (-1.8 [dB]), the dispersion shifted fiber (-3.2 [dB]) and the 10:90 coupler (-10.2 [dB]).
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1p 1lp
= 100n = 100n
g g __.--- Laser
% 10n % 10n
[} (7]
g ( g
o r o
a ing - o 1n
; Cgfggct:rslztrlcs J \ B = Anti—Stqus Stokes
100 p e 5 mopE e
B A K
1p§ /W W 1pé | |
1004 7 . 1001k
1550 1551 1552 1553 1554 1550 1551 1552 1553 1554
Wavelength [nm] Wavelength [nm]
Figure 108 Spectrum of the transmitted laser beam foFigure 109 Spectrum of the back-scattered waves. In
an injected power below the threshold. this plot we can observe that the Stokes and the Anti-

Stokes have about the same intensity.
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In Figure 109 the back-scattered Stokes as well as the Anti-Stokes wave are very weak. Both have
similar intensities. The reflected peak at the laser beam frequency is due to an unintentional reflection
from a fiber connector.

Now we repeat the same measurement for the maximal injected power. These results are displayed
in Figure 110 (transmission) and Figure 111 (reflections). We can observe that the transmitted beam
is strongly attenuated by the depletion of the carrier. If we compare Figure 110 and Figure 111, we
can see that the Stokes wave is now stronger than the transmitted signal.

In Equation (134) we determine the frequency shiftbetween the injected beam and the back scat-
ted Stokes wavespjectedseanNdA injectedBeants the frequency and the wavelength respectively of
the injected laser beamg;qes@NdAgiokesrepresent the same parameters for the Stokes wgige. ¢
the speed of light in vacuum.

1 1
Av = VInjectedBeam_VStokes: Co%\ E (134)

InjectedBeam )\Stokes

= 2.99792458] 1?{1‘]5 1 - 1 D= 9.9544016[H2]
sits52.16016[m]  1552.24016[m]
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Figure 110Spectrum of the transmitted laser beam foFigure 111 Spectrum of the back scatted lightwaves for
the maximal injected power. The laser peak is attenthe maximal injected power (means attenuator set to
ated. There is also a small Stokes wave due to an unird[ dB] ). We can see the spectrum of the back-scattered
tentional reflection from a connector. We can als&tokes wave.
observe an additional Stokes wave generated by the re-

injected beam.

15.3 Modulation depth enhancement and the Signal to Noise Ratio

15.3.1 Measurement Setup

In the last chapter we analyzed the behavior of an unmodulated laser beam. In this chapter we will
use a very weak modulation as described in Figure 101. The goal of this chapter is to verify if we
can improve the modulation depth similar to [ 44 ] or [ 45 ]. Afterwards we will do some further in-
vestigation missing in these references. We will have a look at the signal to noise ratio at the input
and the output. So we can verify if the Brillouin scattering induces additional noise.

As a signal source we use the same DFB laser. We modulate the laser current slightly by connecting
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a signal generator to the RF-input of the laser. We adjust the magnitude of the microwave signal in
a way that the carrier is 40 [dB] stronger than the modulation. The modulation frequency is

1 [GHz]. The rest of the experimental setup is similar to the configuration of the previous para-
graph. The only difference is that we use an electrical spectrum analyzer with an integrated photo
detector to measure the modulation, the noise level as well as the average power of the transmitted
signal. With these data we can calculate the modulation depth and the signal to noise ratio. For the
further deductions we define the modulation depth as the relation between the carrier power and
the magnitude of the modulation according to Equation (135).

ModulationDeptli dB = Modulatior] dBnj—-AveragePowdr dBir (135)

Signal Source
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90:10 | 22z
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15.3.2 Results

In Figure 113 we measure the power of the carrier as well as the magnitude of the modulation. The
intensity differs slightly from the results in Figure 107 as another FC/PC connector induces some
additional loss. In the discussion of theory we supposed that the weak modulation is not affected
by the nonlinear effect. Following the setup of Figure 112, the modulation should only change in
function of the attenuation induced by the attenuator. Hence it should decrease linearly with the in-
jected power as the modulation is affected in the same way as this parameter.

Figure 113 shows the magnitude of the modulation. It increases linearly only for injected intensities
below the threshold. Above the Brillouin threshold, it does not follow this relation anymore. Hence
we have to assume that the modulation is affected by the scattering as well. On possible reason
might be the “low” modulation frequency of 1 [GHz] as the modulation is only separated by 8 [pm]
from the carrier. On the right hand of Figure 113, we see the modulation depth enhancement cal-
culated following Equation (135). Below the Brillouin threshold, the modulation depth remains
constant. Above the threshold it starts to increase with the injected intensity.
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Now we have a look at the noise level. We do this by looking at the spectrum of the modulation
around 1 [GHz]. In Figure 114 we display the spectrum of the modulation of the injected signal (in-
put) and of the transmitted signal (output). At the input we have a signal to noise ratio of about
22 [dBgpiid]- The output signal is attenuated and hence the signal and noise level are lower. But also
the signal to noise ratio decreased to 144gf]. Thus the Brillouin scattering generates some ad-
ditional noise. We can observe this effect in Figure 115. Here we plot the noise level in function of
the injected power. We can see that the noise level remains constant as long as the input power does

not exceed the Brillouin threshold. As the SBS becomes stronger, the noise level is significantly
higher.
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Figure 114 Spectrum of modulation at the input and theFigure 115Noise level in function of the injected power.
output. The spectrum analyzer is set to a frequency sp@ihe configuration of the spectrum analyzer is identical as
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15.4 Application of the Brillouin scattering in the probing setup

15.4.1 Measurement Setup

In the previous paragraphs, we used the signal of a modulated DFB laser. This had the advantage
that we had a stable (relating to its intensity, modulation depth and wavelength) and simple signal
source. In this experiment we will use the signal from the electro-optic probing tool.

The corresponding setup is displayed in Figure 116. We make an acquisition like in paragraph 12.1
and we investigate if we can still use the proposed calibration method. The output signal of the
probing tool is rather weak (typically below 1 [mW]) and hence inferior to the threshold of Bril-
louin scattering. Hence we have to amplify the input signal. We do this by inserting an additional
Erbium Doped Fiber Amplifier (EDFA) after the output of the electro-optic probing tool. As we
have to tune the wavelength of the probing beam, we cannot use an optical filter to remove the
spontaneous emission of the amplifier.

Electro Optic Probing Amplification

Optical Optical Amplifier
Circulator ! | (EDFA)

I
|
' Temperature:20°¢
| i
: ! XY Table ! |
| Laser 4 ! !
! W : |
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: 1 with Focuser Mlcrowave Gulde i ]
I 1 ‘
W= o
| I
I 1 ‘
I | i
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Funct\on Generator

Circulator Fiber Signal Analysis
Km0 T
1 2 ! ' :
: f) % I i ' ! Electric Spectrum Analyzer:
Injected Beam 3 3 ! (SNR Ration and Modulation) |
, 3 Coupler: | |
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N f e e
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Signal ' !

Adjustable Attenuator

Figure 116 Configuration used for the signal processing of the electro-optic probing signal.

15.4.2 Results

We begin by measuring the response of the Fabry Perot cavity similar to the acquisition of
Figure 74. This signal is used as an input for the signal processing. In Figure 117 we can see the
reflected intensity as the input as well as the processed signal at the output of the fiber loop. Ideally
the Brillouin scattering would attenuate the input signal by a constant factor. This attenuation factor
should be independent of the injected intensity. In this case the processed signal would show a si-
nusoidal behavior in function of the wavelength similar to the input signal. As we can observe, the
attenuation factor is not constant at all. The origin of the problem is the spontaneous emission of
the EDFA for very weak input signals. The Brillouin scattering does not attenuate this broadband
spontaneous emission. Hence the average power at the output is very high for this case.
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Figure 117 Response of the Fabry-Perot response with and without signal
processing by Brillouin scattering.

The variable attenuation of the average power makes it impossible to calculate the derivative
Ol reriected 0N, NECESSary for our probing technique. We could overcome this problem by adding an
additional coupler before the input of the EDFA and measugigdied)o) at this point.

In Figure 118 we can see the magnitude of the unprocessed electro-optic probing signal. This signal
is equivalent to the signal of Figure 75. In Figure 119 we have the same modulation after signal pro-
cessing with the Brillouin scattering. The modulation is also affected by the spontaneous emission
of the EDFA. Hence the modulation depth enhancement is not linear in function of the injected pow-
er nor in function of the input modulation.
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Figure 118Magnitude of the modulation before pro-Figure 119Magnitude of the modulation after process-
cessing by Brillouin scattering. ing by Brillouin scattering.
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15.5 Comments

With the experiments presented in this paragraph, we could deplete the carrier with SBS. It was
interesting to see that the increase in optical input power can cause a decrease of the output inten-
sity. With this effect we could enhance the modulation depth of about 16 [dB] or about 40 times.
This result is a little bit better than the results obtained in [ 45 ] (about 20 times). In our setup we
attenuated intentionally the carrier but unfortunately also the modulation. For a decent signal pro-
cessing the signal to noise ration should remain constant. As we could observe during our investi-
gation, the Brillouin scattering generates some additional noise.

The noise generated by the Brillouin scattering is not the only problem. For the signal processing
of the electro-optic probing tool, we have to amplify the signal. This additional amplifier adds even
more noise and spontaneous emission.

The combination of problems makes the use of the signal processing very difficult. It would take
all lot of work to analyze and solve these inconveniences (origin of the noise, relation between
modulation depth enhancement and injected power and modulation at the input). We stopped the
research on this topic at the end of the trainee-ship.
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16 Conclusions of the Measurements

We realized a probing tool using only standard optical fiber and standard microwave equipment. By
using polarization maintaining fibers, a pigtailed focuser and a powerful DFB laser we could im-
prove the probing tool and simplify its configuration. The obtained results match well the theoretical
calculations and thus we were able to calculate the electrical field caused by the microwave signal.
With our probing setup we could measure the magnitude and phase shift with a sensitivity of about
2 [mV/Hz]. There was no problem to reproduce the measurements. By using this setup we could
even determine parts of the s-parameter of a given structure. The bandwidth of the probing tool was
limited only by the bandwidth of the photodiode and its amplifiers as well as by the bandwidth of
the network analyzer.

On the other hand we had to handle a number of major principal and technical problems:

- The magnitude as well as the polarization of the probing beam changes in function of the
wavelength. The origin of this problem is the DFB laser, as it is not designed for such an
application.

- The divergence at the output of the glass fibers decays the spatial resolution and it causes
additional loss. Ideally we should have a “perfectly” parallel laser beam (very small numer-
ical aperture) with a beam diameter betweep®] and 10 im]. We might improve the
performance by using a laser with a shorter wavelength than 1550 [nm].

- We changed the wavelength of the laser by changing its operating temperature. As it takes
some time to heat up or cool down the laser with the thermo-electric element, the probing
of the voltage for one position can take between 30 [sec] and 1 [min]. So itis very time con-
suming to map the electric field distribution of an entire chip. The solution might be a tun-
able external cavity laser (ECL )with a high output power. As there was no adequate ECL
available at the beginning of the thesis we could not check this option.

As “post scriptum” we want to mention that the entire measurement setup is computer controlled.
The network analyzer, the voltmeter, the controller of the step motors as well as the temperature con-
troller of the laser are linked to the computer through General Purpose Interface Bus (GPIB) cables.
So we could launch all the data acquisition automatically which saved a lot of time (Figure 120). But
on the other hand, | spent most of my Ph.D. thesis writing and correicainglEW routines for our
equipment (Until the end of my work | could not explain the origins of some crashes in the acquisi-
tion programs).

Figure 120 Screen shot of a LabVIEW program acquiring the response of a cavity and the according modulation.
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In this thesis, we developed an electro-optic probing system for GaAs MMIC and we examined the
technical and theoretical limits of a setup using standard optical fiber and microwave equipment. We
used recent equipment like PM fibers, pigtailed focuser and a powerful DFB laser to improve previ-
ous measurement done in our laboratory.

As the GaAs crystal is electro-optic, we exploited this material property to probe the electric field
caused by the microwave signal. We focused a laser beam into the DUT and we analyzed the mod-
ulated reflection. Hence we could probe the electric microwave signal inside the device and not out-
side as other probing techniques do. Different types of modulations are possible for the probing. We
used an “amplitude modulation setup”, as this configuration is the simplest one for a continuous
wave probing beam. This probing technique has also the advantage that for the calculation of the
electric field and thus the applied voltage we have to divide the magnitude of the modujgsipn |

ulation DY the derivativedl reqece A, O the Fabry Perot response. Hence all attenuations in the op-
tical path are irrelevant as both terms are affected in the same way. Thus the only important point is
to measure correctly the laser beam power and the magnitude of modulation of the reflected beam.
An inconvenience is that this configuration allows us to measure only one component of the electric
field vector. This is not a problem as long as the electric field is approximately parallel to the z-axis.
Our assumption is satisfied as long as we probe the electric field near a microwave guide. For other
probing positions the electric field vector could have other orientations. This effect causes a draw-
back as the optical axis of GaAs crystal depends on the electric field vector. Thus the measurements
are systematically wrong for this condition.

During the realization of the probing setup, we faced several technical problems. One main problem
is the shape of the laser beam. As the GaAs substrate iqub@e500 [um] thick and as the micro-

wave guides are typically 1Qufn] wide we should have a “perfectly” parallel laser beam (very small
numerical aperture) with a beam diameter betwegmn| [and 10 im]. Technically and also theo-
retically the output of standard fiber at 1550 [nm] cannot provide such a beam. We might enhance
the system by using a laser with a shorter wavelength than 1550 [nm]. Another inconvenience is
caused by the DFB laser source. For the probing of the electric field we have to sweep the wave-
length over a certain range. We expected that the incident laser beam would have a well-defined po-
larization and a constant magnitude at the output of the PM fiber. In reality the output power as well
as the polarization change in function of the wavelength. Though these problems decayed seriously
the probing quality, we could sense the microwave signal inside the DUT. We are able to probe the
amplitude and phase shift of a microwave signal with a sensitivig{ofiV/ ./Hz] and we can re-
produce the measurements without any problem.

As a perspective we want to add that we might overcome most technical problems described in this
thesis. But the necessary modifications and investments would harm the main goal of the presented
work: The design of a simple and inexpensive tool for probing the electric field inside a GaAs
MMIC. For the moment the market and hence the interest for such tools is rather small and so such
an effort would not make any sense.
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Appendix

A. Constants

A.1l. General Constants in Vacuum

Speed of light in vacuum ¢
Permeability in vacuum

Permittivity in vacuum

Charge of electron

Planck constant

2.09792458] 16[?]

—7 Vs

(3]
1

=121 As
, = 8.85418787] 10 [ﬁ]
e = 1.6021773) 10-[AS]

h = 6.62607556010 >'[J] [6]

A.2. Material Constants

A.2.1. Electro-Optic constants

_ _ ~6[ Vs
Ho = 40T0L0 ' G = 1.25663110 [Am]

Material

Group

e (8] Electro-optic coeffi-
cients in contracted
notation ([ 5])

refraction
indices n

€/¢€

GaAs
(isotropic)

Cubic
43m

1.4510‘12[9] 00
v 0 0

1
(1] °
0

Ta1

0

n, = 3.374
(3]

11.38
(3]

KDP (KH,PQy)
(anisotropic)

Tetragonal
42m

=12'm
1.4010 [\—/]

=12rm
35010 [V]

Ta1

63

n = 1.86
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LiNbO3 Trigonal —12rm r b n. = 229
= — 0 —r,r :
(anisotropic) 3m r33 = 30.8010 [V] 22 '13 °
0 r r ne =220
fa=8 emlo‘lz[m] 22 13
13 \Y 0 0 ryg
— -12rm 0 0
rpp = 340007 || 51
r 0 O
51
_ —12rm
(5 = 28010 ] Sy, 00
A.2.2. Semiconductor Constants at room temperature (300K)
Property Si[11] Ge[11] GaAs[11]
Atomic (molecular) weight 28.09 72.60 144.6
Energy gaFEg 112[8\4 067[6\4 143[6\4
Intrinsic carrier concentration, 1.5D1016[i3} 2 4 [%] 1ot [is]
m m m
Electron mobilityp 2 2 2
¢ 0.135[91—] 0.39[9—] 0.85[-“—1—]
Vs Vs Vs
Hole mobility Hp 2 2 2
m m m
0.04{\/—5] 0.15{\/—5] 0.045{\/—5]
Relative permittivitye 11.8 16.0 10.¢
Recombination constant B 01 3 20 3 16 3
1.79010° [-“g-] 5.25010° [ms-] 7.21010 [ms-]

a. The range of values of relative permittivity of GaAs quoted in the literature is from about 10.7 to 13.6 [ 11 ].

A.2.3. Typical dimensions and properties of Single Mode Silica Fiber

Coating \
Cladding [ \

Core | (

( d MFD ‘ Core dClaxddin

Coatir
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Properties Corning SMF-28 at 1550 nin Alcatel Cable Fiber 6900 Sin}
Alcatel [ 48] gle Mode at 1550 nm [ 49 ]
Attenuation < O.A[d—B] < 0.25[d—B]
km km
Core Diameter 8.2[um] 8.8[um]
Cladding Diameter 125+ [pum] 125+ Jum]
Coating Diameter 245+ Fum| 242+ pm]
Mode Field Diameter 10.4+ 0.§um] 10.2+ 1.Qum]
Numerical Aperture 0.14 /
Zero Dispersion Wavelength 1313 nm 1310+ 1Qnm]
Effective Group Index of Refraction 1.4682 1.47
Refractive Index Profile 0.36 % /

A.2.4. Typical dimensions and properties of Panda Silica Fiber

Key of FC
Connector
Coating
< Stressing core/
e |
dueo_ | Core a‘@‘* 19c0rdd cradaing 9 coatic

e ]
J

Slow Axis

Properties Fujikura Panda at 1550 nm [ 50 ]
Attenuation 0.5[@]
km
Core Diameter 7[pum]
Cladding Diameter 125 pum]
Coating Diameter 90Q{ um]
Mode Field Diameter 10.5um]
Numerical Aperture 0.12- 0.1z
Beat Length (Maximum) 5[mm]
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A.2.5. Characteristics of pig tailed injectors

Cladding

Lens Diameter

Working Distance

Working Distance

Focuse?

uAn

uBn

uCH

Working distance

$mni

4.5[mn

10.1[mnj

Fiber Core / Cladding Diameter

(Bm] / 125[um]

8 [um] / 125[um]

8 [um] / 125[um]

Fiber Numerical Aperture

0.11

0.11

0.11

1/€? Spot Width (x-axis/y-axis)

12.8[pum] / 13.3[um]

16.2[pm] / 17.2[pm]

21.5[pum] / 22.3[pum]

Lens Diameter

dmni

3[mm

5[mm

a. Specifications according manufacturer.
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B. Acronyms

AM
APC
BNC
Ccw
CMOS
CNR
daB
dBm
DC
DFB
DUT
ECL
EDFA
EO
FWHM
FC

FP
GaAs
GPIB
IC
LASER
LabVIEW
MFD
MMIC
NA
PANDA
PM

PC
QED
SMF
RF

SM
SiGe

Si

SNR
SOA
SMA/B/C

Amplitude Modulation

Angled Physical Contact

Bayonet Nut Connector

Continuous Wave

Complementary Metal-Oxide Semiconductor
Carrier to Noise Ratio

Decibel

Decibels above/below one milliwatt

Direct Current

Distributed FeedBack

Device Under Test

External Cavity Laser

Erbium Doped Fiber Amplifier

Electro-Optic

Full Width Half Maximum

Fibre Channel

Fabry Perot

Gallium Arsenide

General Purpose Interface Bus

Integrated Circuit

Light Amplification by the Stimulated Emission of Radiation
LABoratory Virtual Instrument Engineering Workbench
Mode Field Diameter

Microwave Monoalithic Integrated Circuits
Numerical Aperture

Polarization maintaining AND Absorption reducing
Polarization Maintaining

Physical Contact

Quod Erat Demonstandum

Single Mode Fiber

Radio Frequency

Single Mode

Silicon Germanium

Silicon

Signal to Noise Ratio

Semiconductor Optical Amplifier

SMall connector type A/B/C
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C. Symbols

OO0
o

TF S - TmMmoa

Py

ZMaterial
€

m
o

> > o™
o o B <

<8FXrET T

£

Speed of light in material
Speed of light in vacuum
Thickness of the substrate
Electric Displacement
Electric Field

Frequency of a microwave signal

Intensity
Refractive Index

[Meter/Second]
[Meter/Second]
[Meter]
[Ampére Second/Méfer
[Volt/Meter]
[Hertz]
[Watt/Meter]

[]

Refractive Index in the absence of an electric field[ ]

Dielectric Polarization
Reflection coefficient
Electro-Optic coefficient
Cross correlation

Time

Voltage

Wave Impendance of a given Material

Permittivity

Permittivity of free space
Relative Permittivity
Impermeability Tensor
Eigenvectors of a matrix
Wavelength

Wavelength in vacuum
Permeability

Permeability of vacuum
Relative Permeability
Phase Shift

Frequency of a laser beam
Beam waist of Gaussian Beam
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[]
[]
[Meter/\olt]
[]
[Second]
[Volt]
[Ohm]
[Ampére Second/ \olt Meter]
[Ampeére Second/ Volt Meter]

[]
[]

[]
[Meter]

[Meter]

[Volt Second/Ampére Meter]
[Volt Second/Ampére Meter]
[]

[Radiant]

[Hertz]
[Meter]



D. Units

There are several possibilities to characterize the power of laser beam or the amplitude of a micro-
wave signal. This is a list of the most common units and the corresponding conversions.

D.1. Optical Units

Units: Watt or W Power of the laser beam in Watt.
Milliwatt or mW Power of the laser beam in Milliwatt.
dBmyptic Logarithmic unit based on Milliwatt.
dBoptic Difference between the input and output optical power in

dBmyic Of & device to characterize its gain or loss.
Conversions and relations:
- Conversion Watt into Milliwatt (D.1):
y[mW] = 100qW] (D.1)
- Milliwatt into dBmgpsic (D.2):

y[dBmOptiC] = 10|]Iogloa%mm% (D.2)
- dBmypyic into Milliwatt (D.3):
X[dBrantlc]
ylmw] = ifmwjmo *° (D.3)

- Relation between input and output (D.4)
y[dB] = Input[dBantiC] —Outpu[dBn}DptiC] (D.4)

- Relation between input and output in per cent (D.5)

X[dBopiic]
y[%] = 100{%] 10" 0t¢ Boreic (D.5)

D.2. Electrical Units
Units: VOltpeaktopeall Vpp Peak to peak value of the voltage.

Volt or Vamp Amplitude of the voltage.

Volt RMS or Vg Root mean square value of the voltage.

Milliwatt Power of the electric signal in Milliwatt absorbed in a resistor

(for micro wave signal typically 50).

dBv Logarithmic unit based on the rms voltage of the signal.

dBMgjectric Logarithmic unit based on the power of a microwave signal.

dBglectric Difference between the input and output electric power in

dBglectric Of @ device to characterize its gain or loss.
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Conversions and relations:
- Vpp INt0 Vampand Vypinto Vy, (Figure D.1):

YVamg = 50Vpp (D.6)
YIVppl - =2Vamd

Voltage
o

Amplitude
Figure D.1 Different expressions for the voltage.

- Vimsinto Vampand Viysinto Vg (Figure D.1):
Y[Vamd = N2V d (D.7)

1
y[Vrms] = Tz[vamd

- V msinto dByq;; (D.8)*:

X[V im0
d = 2001 0 D.8
y[dBy4] OglomD (D.8)
- dBy/t INtO Vhs(D.9):
x[dB\/olt]
yIV,nd = 1V, Jmo 2O (D.9)

- VmsiNto dBmyectric (in the case of a 5@ terminated connection) (D.10):

2..,2
= PowefW]n _ [V rms]/50[Q]0
@B Mrecuid = 1000%0T gy 0 = 1070%05 ™ pmwy 5 019

- dBMgjectriciNto Vims(in the case of a 5@ terminated connection) (D.11):

/\/ X[dBn’blectric]
yIV,nd = \50[Q] [0.004W] (1 OLdB Mectid (D.11)

1. For the conversion from linear into logarithmic units you have to multiply the normalize loga-
rithms by a factor 20 if the unit is an amplitude (e.g. electric field, voltage, current etc.) and by 10
if the unit represents power or energy (e.g. electric power, laser beam intensity etc.). So you take
into account that the power or energy is in general proportional to the square of its amplitude.
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D.3. Relation of Electrical and Optical Units

If a modulated laser beam is converted into an electric microwave signal bj( %€rminated con-
nection, we have to take into account that the current of the photodiode is proportional to the power
of the incident laser beam Jserpean{Figure D.1). Considering that the electric powesRyicq Of

the signal is proportional to the square of the current, we have to convert the optical units of the mod-

ulation (MWjtic O dBmytio) into electrical units (Volt, M\fectric OF dBMyjectrio-

Photodiode Microwave Equipemen
(e.g. Spectrum Analyse

- oy

Modulated Laser Photodiode Currenti Microwave Signal
Beam with Power P with Power B,

Figure D.1 Conversion of a laser beam into a microwave signal with

iPhotodiod&® ILaserbeam.

.2 2 2
I:)Ele(:trical - IPhotoDiode|:R5OQ =a ERSOQ DLaserbeam (D.12)

2
PElectrical= Consan LinearDLaserbeam
For linear units (like watt) there is a quadratic relation between the electrical and the optical units
(Equation (D.12)). For logarithmic units (like dBm) the relation between electrical and optical units
are expressed by Equation (D.13).

2 2
Ebonstan LinearDLaserbearwvatt ]B
y[dBmelectric] = 10D|0910EJ 1[mW]| - (D.13)
| g
DConstan Linea hWatt]
] Laserbea O_
10 DIOglOD_—l[mWJ Ij+ 20 DIoglOD-_—-—l[mWJ i

2 E[dBrrbptic] +Congan Logarithmic

For consideration of gain or loss in a device, the constants of Equation (D.13) will strike out and so
we find Equation (D.14).

y[dB, (D.14)

electric] =2 E[dBoptic]
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E. Calculations

E.1. Calculation of the eigenvalues

We want an analytic solution for the eigenvalues of Equation E.1.

1/n? 14E, T4k,
9
N(E) = |r,.E, 1/n? r,E, El

raE, raE 1/n)

So we have to calculate the roots of the determinant of Equation E.2 Whiepgesents the eigen-
value.

. /nS =% ruE,  14E,
NE) = | r4E, /n’< ruE, E.2
raE,  raE /0=

By changing the variables we can rewrite Equation E.2 to simplify the calculationgwithl/ no2 ,

,  [In-&az ay
N(E) = | az n-£ ax E.3
ay ax n-¢
For simplification we define a = rylEl ,x = E/|E| ,y = E/|E| ,z = E/|E] and,
|E| = JE;+E;+E. and hence we get for the determinat Equation E.4.
Determinant= (n —£&)*+2a’xyz—(n - &)a’(x* +y* + 2°) E.4

By using the fact thax’ +y*+2z> = 1 and by puttirg= n—& , we get the cubic of Equation E.5.

S—sm’+2a’xyz = 0 E.5

By puttingp = —a%/3 andq = a3xyz we can calculate the discriminant of Equation E.5.

SR _ 3 _ 6[12,2.2 1[
Discriminant= ¢ +p° = a %( Y2 - 5n E.6
If the discriminant is smaller than O there will be three real solutions. Considering that the eigenval-
ues of a symmetric matrix are real, and that the produdly [ becomes maximal if
X =y = z = 1/./3 we can show that we have three different real solutions. If x=y=z, the discrim-
inate becomes 0 and hence we have only two solutions.

So by puttingr = -1/(./3)a  andcos(¢) = Powe get the following solution for the eigenval-
ues as given in Equation E.7, E.8 and E.9.
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2 rarccos(—3/3xydn

S = —ﬁa [os 3 0 E.7
_2 m_arccos(—3/3xy3[

S _Jéa [osg —————5——"1 E.8
_ 2 [T, arccos(—3/3xyaQ]

S3 —ﬁa IZk:osEB ——3 0 E.9

Considering thafxyz|,., = 17343 , we get for all values of x, y and z a valid solution. So by re-
setting the previous definitions, we get Equation E.10, E.11 and E.12 for the seeked eigenvalues.

%arccosD 3\/_3L

1 e’
& = =+ —IEI (osh OO, E.10
1 no ,\/é 0 3 0 41
O O
E, E E,
arccosD 3/3x = %
£, = L —2E o B O, E.11
nS A3 3 0
O O
E E,E,
arccosD 3/32 L= %
g= L 2 [bo%’ E° A, E.12
n0 J3 D 3 E

E.2. Calculation of the eigenvectors

In this paragraph we are calculating the corresponding eigenvectors. So we are looking for the non-
trivial solution of Equation E.13.

2
1/n"=8&123 raE, rnEy X
2 =
s, 1/n" =853 r21Ex Hy
2
raEy ra1Ex /N =& 23

E.13

o O o

If there is a non trivial solutiorX  for Equation E.13, we can find another valid solution just by mul-
tiplying the solution witrLa constant facto€Epngan ttIX ). In some case it is advantageous to nor-
malize the result so thJ>X| =1

By multiplying the first row byr,,E,/ (1/ n02 —&,,3) respectively,E,/(1/ no2 -&1.,3 andby
subtracting the first row from the second and from the third row respectively, we can simplify
Equation E.13 into Equation E.14.
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2
n =& 53 raE, =
2 2 2 2 2
(/N =& 53 —(ryuE,)" 1B (/=& , 91y E/E,
1/"‘02—51,2,3 1/noz—51,23 Hy

2
riE(1/ n02 —&10 3)_rz211Ey E, (/ no2 —&123) — (r41Ey)2
l/n02—21’2’3 1/n02—21'23

x

E.14

1
o O o

So by using the second row of Equation E.14 we find Equation E.15.

2 2 2 2 2
EKl/no =&123) — (k) +ZDr41Ex(1/”o =& 5 3)TnE/E, -

1/n02—51,23 1/n02—51,2,3
DilEyEz —r,E (1 n02 -&1 3)%

y=zLD 2 2 2
0 (1/n, —&123 —(ruE) 0

0 E.15

By putting the result of Equation E.15 into the first row Equation E.14, we get the Equation E.16

for x.

XO1/nS =8 59 +y FyE, +204E, = 0 E.16

2 2

raEE,—rE(1/n°"—&

xE(l/noz—El,2,3)+zD4l y 22 41%-x > ] 123)
(1/n," =& 59 —(rysEy)

[t,,E, (1/n° =&, , ) —13,EE
Xul/n02—21'2'3)=zm41 X - 0 1223) 41 yzz
0 (1/n,"=8, 539 —(ruE)
2 2 3 2 2 2 2
rBEE(1/ Ny =& 5 5) =T ByE, =14 B, ((1/ Ny =&y 5 5) —(ryE,)")

x=z[G > 5 5 5
((1/ny" =& 539 —(ryE)) L/ =&; 5 9)

FyuE, + 2 0yE, = 0

O
[ 41E, — B0
0

So now we can use the results of Equation E.15 and Equation E.16 to assemble the eigenvector in
function of the eigenvaludsg , 3 The vector of Equation E.17 is not normalized.

2
rEE(L/ 07 —&, 5 ) —TaE, Eo —1,E (/0" =&, 5 ) — (r,E,)?)
2
(/0 =81 59 —(rE)) A1/ n &1 5 9)
rilEyEz =145, (Y n02 —&123)

2
(/ n02 —8129 — ("41Ez)2
1

Eigenvector= E.17

We replacet; , 3by the first eigenvalué; to find the according eigenvector “EigenvegtorAc-
cording to Equation E.10 the first eigenvalue§s = 1/n,°+ 2/ /3| [cos(...) O, . So for the
first eigenvector we get Equation E.18.
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Eigenvectoy = E.18
_ , , ;
rilEXEZ%_F}E_ ECOS( )'2115 r41E E:- r41EyE..i"]:‘2_;]}E_A/LI—§I’COS(---) g —(r41Ez)ZE
2 2
- 22 ooty ] ~ B HH - - 2hlood )
r41E E,—r, E, 5%2—%2—%003(...) rMB
a%z—niz—zy—a cos(...) &1%?_("41'52)
(. 1 =
% £ 2IJ'_Elcos( )E-gE2- EyDD?Al/FI cos(..)d ~£. 483,
DEZF cos(.. )EI zzDEH 218 COS( I]41
Eigenvectoy =
HEE, + EX|TE]<:os(...)D[r41
e oot £
(. 1 =
After further simplifications we get Equation E.19 for the “Eigenvgttor
2lg a2l o 2[
-EE, cos( - E cos( ) -E,
Djil/?l cos(.. )D E ZDEB 2IEIcos( )D
Ei tor = h
igenvectoy E EZ+ Exgj—_acos(.._) wnere
EQJ/?] coy .. )[F 2
(. 1 =
Ebrccos%—ﬁslig&%
cog(...) = cos(3 [E] O E.19
0 3 0
0 0

With similar deductions, we get for the other eigenvectors the following vectors (Equation E.20 and

E.21).

Eigenvectoy =

EXEZgJ'-_Qcos(...)—EyEi—EyD?fcos( g - EZZE
e cost ) £ A E oot
E,E,~ EZFCOS( J)

D’il/?]cos( )[F E
1
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0 arccosIj 3[E E,E, %
coy(...) = cos%I |’ D E.20
O

3
g

EE2A|/I_EICOS( ) - EE: - Ey%cos( )D’Z EZE

DEQFI cosf - EZZDEEH_E]COS( %

Eigenvectog = where

E,E,-E, 2A|/I_E|cos( J)
2 oy -k ?

iy

1

E, E E,
arccosIj 3/3x T %

3
t O

E.21

cos(...) = co

E.3. Calculation of reflection and transmission coefficients

The air / GaAs interface will reflect a part of the laser beam and the rest will enter the GaAs crystal.
The reflection and transmission coefficient for the intensity (Uppercase let{gesdRy Tintensity

as well as for the magnitude of the electric field (Lowercase letter r, t) can be calculated with the
Maxwell equations under the condition of power conservation (Figure E.1).

Incident

/\/\/\/\/\/\/\/\/— Erransmitted

E —

Reflected

— MWW

Material 1 Material 2

Figure E.1 Electric field of the incident, the reflected
and the transmitted laser beam.

The boundary condition for a plane wave impose that the summation of the addition of the electric
fields on both sides has to be equal to avoid discontinuity (Equation E.22).

E.22

Elncident+ EReercted = ETransmitted

We assume that there is no loss of power at/in the interface and that the materials show no magnetic
properties |{,=1). So the energy conservation has to be satisfied as imposed by Equation E.23
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ElncidentEEIncident[| — ETransmittedEETransmitte(p EReercted[EReflectecF| H
= + with E.23
ZZMateriall 2ZMateriaIZ 2ZMateriaIZ
Z 4
— 0 _ 0
ZMateriaIl - n and ZMateriaIZ - n
Materiall Material2

where Zyateriair @Nd Zyateriaz are the wave impedances of the different materials. By using
Equation E.22 and Equation E.23, we get a quadratic equatiogfgskeqin function of Bycigent

2 2 2
Elncidem_ EReercted - ETransmitted E.24

2ZMateriaIl 2ZMaterialz

2 2 2
Elncident_ EReercted_ (Elncident+ EReerctet)

22Ma\teriall 22MateriaIZ

2 2 _ 2
Nuaterial1 [(Elncident_ EReercte() = Nyvaterial2 [(Elncident+ EReercte()

_ =2 2
0= EReerctedE(nMateriaI2+ nMateriaIl) + EReerctedEQEIncidenInMateriaI2+ Elncident(nMaterialz_ nMateriaIl)

We can solve Equation E.24 and thus we get the reflection coefficient of the air GaAs interface as
defined in Equation E.25.

_2ElncidemnMateriaI21 2ElncidemnMateriaIl - E DinMateriall_nMateriaIZ
Incident

E = = or
Reflected 2 [(nMateriaI1+ nMaterial2) nMateriaI1+ Nyiaterial2
n — | :
I'Materiall- Material2 = Materlal1+ Materialz E.25
Nuaterialz  Nuaterial2
For the transmission we can proceed in the same way (Equation E.26).
2 2 2
Elncident_(ETransmitted_ Elncident) - ETransmitted E.26
2ZMateriaIl 2ZMateriaIZ
2 2
Nmateriall [(_ ETransmitted+ 2ETransmittecElncident) = Nyvaterial2 DETransmitted
0= ETransmitted[(ETransmitte((nMateriaI2+ nMateriall) _2ElncidentnMateriaI1)
So for the transmission coefficient we get Equation E.27.
2n ;
tMateriall— Material2 = Sieloa E.27

Nyviaterial1 + Nuaterial2

So for the air GaAs interface we get the transmission and reflection coefficients of Equation E.28
and Equation E.29. The coefficients are defined by Figure E.1.
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VWV s —
Air-GaAs tAlr—GaAs
(AVAVAVAVAVAVAVAVESSS
tGaAS_AW GaAs-Air
Air GaAs

Figure E.2 Definition of the transmission and reflection
coefficient at the Air GaAs interface.

r]Air - nGaAS —ZnAir
- = A58 and ty, = E.28
AIT=CAS T nair + NGans AIT=C2AS T nair + Ngans
; o Ngaas— Nair and t = & E.29
GaAs- Air Naip + NGaas GaAs- Air Nair + Neans .

The reflection and transmission coefficient for the intensity can be calculated using Equation E.30.

_ 2 _ ZMateriaIl 2 _ nMateriaIZ 2
RIntensity = I'materialx— MaterialY andTlntensity - Z |:tMateriall— Material2 — n DMateriaIl— Material2 E.30
Material2 Materiall

E.4. Calculation of the Cavity response

According to Figure 27 on page 28, the sum of the reflections is Equation E.31.

ERef‘Iected = Elncident E.31

—imt_ -9 —imy 2 -i2¢
(rAir —-GaAs + tAir —GaAstGaAs— AirRe e + l:Air —GaAstGaAs— Air(Re ) r‘GaAs— Aire + )

By definingt2 = tair —caastcaase air @NAr = rgaase air = —Tair —caas We€ can rewrite Equation E.31
as Equation E.32.

Erefiocted = Encigen—T + PREe  + 2(Re ™) ’re 2 + t((Re ™) r2e 2% + ...) E.32

By puttinge*™ = 1 aswellag’™ = —1 we can describe the SUNEQfccteq by Equation E.33.

EReercted = Elncident(_r_tzRe_i(p(l_l:zre_i(p + (Rre—i(p)z - (Rre—i(p)3 + )) E.33

Under the condition tha{Rre‘i‘p| <1 (always satisfied as r as well as R are smaller than one) and by
considering Equation E.34, we get fogdrectegEQuation E.35 also called the Airy Equation.

I’2+t2 - mGaAs_ nAir|:7f+ 2r]Air 2nGaAs
Lhair + Ngaadd  NMair * Ngans Nair + Neaas

=1 E.34
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i 1 Or—RrPe *—Rfe 0
EReercted = Elncidentg_r_t Re mu IncidenD 1+ Rre"p H E.35
G—Re ' (r +)0_ or+Re'?

= Elncidenq] 1+ Rre o~ Elncidenlmﬂ]

The problem is, that in our setup we are not measuring the electric field but the intensity of the Laser
beam or with other words the power of the reflected beam. So we have to calculate the intensity by
using Equation E.36 which describes the intensity of a electromagnetic wave in a given material. In
our case this material is the surrounding air. Hence we get the intensity of the reflected laser beam
Equation E.37.

ILaserbeam ZZ |ELaserbean£ELaserbearL E36
Material
Py r
— 1 _ Eincident |:J|'+Rel(PD r+Re
lReercted‘ ZZMateriallEReerctedEEReflecteuEI - ZZMateriaI Eh.‘i' Rre_i(pD + Rre,(p E.37
Eincident. |11 + Rcosp-iRsing DEHlH Rcosp+ iRsing [ _
2Zpaterial |HL + Rrcosp—iRmsingd UL + Rrcosp + iRrsin
2
Elncident r2+ 2RCO$|)+ RZ(CO&[))Z +R2(sin(p)2 | — EInC|dent Dr + R +2choscp
ZZMateriaI 1+ 2chogp+ ﬁrz(cogp)z + R2r2(8|n(p)2| ZZMaterlaI 1+r R + ZRI’CO&p

By replacingE? civent’ 2Zuaterial = lnciden:. W€ get for the reflected beam Equation E.38.

2 2
| - "+ R" + 2Rrcosp
Refelcted” 'Incident

— E.38
1+ r"R” + 2Rrcosp

E.5. Calculation of the partial derivative

When we apply an electric field across the cavity, the refractive index of the material and hence the
response will change as indicated by Equation E.39.

r’+R%+ Z}QrcosgaTm-i 810 + 1nirMEZ%
IReflected = IIncident E.39
1+ R+ 2chosD)\ 51 += n r41E

If we linearize Equation E.39 in function of the, e get Equation E.40.

aIReercted

IReercte(()\m Ez) = lReerctedE =0 oE [Ez E.40
z z

E,=0

We have an interest to replace the unknown derivadi¥go . 9E | by an “known” function.
zlg,=0

By using Equation E.41 and E.42 we find the relation of Equation E.43.

aIReercted_ aIReercted a(P aIReercted_ aIReercted a)\o
k.~ oo E M5 T Tan. g E.4l
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3
dp _ 2mdngry, 0¢ _—4nd 13 0
O_EZ = )\—0 and ﬁ = )\02 EH"IO + §n0r4lEZD E.42
aIReercted aEz _ aIReercted a)\o

OE, D% T oA, D% E.43

2

al Reflected )‘o ~ al ReflectedD )‘o

oE 3 oA
z 2mdngr,, o —4rd [%10 + %nngEZE
2
al Reflecte ~ al ReflectedD_norA.l)\o
oE, oA, 2

E.6. Calculation of the Minimum and Maximum of the Fabry-Perot Cav-
ity response

We can find the maximum and minimum by setting the derivation of Equation E.44 equal to zero.

2 2
r“+R"+ 2Rrco

IReflected = IIncident 2 2 S((p) E44

1+ Rr" + 2Rrcos(¢)

d_IReercted: [ d |’2 + R2 + 2Rrcosp

do "9*"Yp1 + R + 2Rrcosp

(1+ r’R% + 2Rrcosy)(—2Rrsing) — (r2 +R%+ 2Rrcosp)(—2Rrsing) _ 0
(1+ ’R%+ 2Rrcosp)’

=0

By looking only at the denominator of Equation E.44 we find the product of two terms as displayed
in Equation E.45.

((r* + R? + 2Rrcosp)—(1 + ’R? + 2Rrcosp)) (—2Rrsing) = 0 E.45
(r2 + Rz—l—rsz)(—ZRrsin(p) =0

The first one does not indicate any solution because it is independengofwith the second term
we find the solution indicated in Equation E.46.

(—2Rrsing) = 0> @4 = 0,95 =TT E.46

So now we have to verify which on is the maximum and minimum. We do this by putting both result
into Equation E.44 and by comparing them.

2 2 2
r"+R"+2Rr r+R
lA(O): Ilncident1+ I’ZRZ +2Rr = Incident((l—_'_F))z E.47
2 2 2
r’+ R™—2Rr r-rR
lB(T[): Ilncidentl + r2R2—2Rr = Incident((:l-_—rF\)))z E.48

When we compare Equation E.47 and Equation E.48, we have to take into accountthat0 <r,R<1
and thati, and; are positive per definition.

123



Appendix: Calculations

Int:ident(r-'——|-_\))2 >|Incidenl (r — R)Z E.49
(1+rR)* (1-1R)>
(1+R) . (1=R)
(1+rR) (1-rR)

(r+R)(1-rR)>(r—-R)(1+rR)
r-r’R+R—-rR;>r+r’R-R-rR’
2R> 2FR

2
1>r

So our assumption was right and we get the maximungpf@r (Equation E.50) and fap=rtthe min-
ima (Equation E.51).

r+R)°

IMaximum = Incident((1+ I’R))Z E.50
r—R)®

IMinimum = Incidentﬁ} E.51

E.7. Calculation of the relation between the reflection and R and r

With equation E.50 and E.51 we can calculate r and R in functiog Qfum minimum IF=TeTn N
Itis interesting to know this coefficient even if we do not need them for the calculation of the electric

field.
’lMaximum r+R
A= [ = E.52
IIncid(—)nt 1+rR
B= ’IMinimum _I=
IIncident =

By defining the parameter A (Equation E.52) and B (Equation E.53) we get the equation system giv-
en in the Equation E.54.

Py

E.53

[EEY
A

A(l+rR) =r+R E.54
B(1-rR)=r—-R

By puttingr = §R__A1 into the second part of Equation E.54 we find a quadratic Equation E.55 for R.

R-A_J_ R-A _
BEI AR iR0= a5 R E.55

pdAR-1) - (R-A)Rj_ (R-A) -R(AR-1)
g AR-1 0~ AR-1

ABR-B-BR’+ABR =R-A—AR’+R

RA-B)+R2(AB-1)+(A-B)=0
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So we calculate the discriminant to determine the number of solutions (Equation E.56).

D = 4(AB-1)°—4(A-B)* = 4(A°B°-2AB + 1—- A+ 2AB-B%) = 4(A’B’+1-A’-B? E.56
=4(1- A)(1-B% >0

With the conditions 0 < A <1 and 0 < B < 1 we find that D is positive and hence we have two pos-
sible solutions for R.

JA— A (1-B)
R, , = LABE (1- A% (1-BY E57

A-B

So we have to verify if both solutions satisfy the condition @Rl to make sure that we do not get
negative values for R (would introduce another phase shift) or values bigger than 1 (generation of

energy during reflection).

R.>0
With 1-AB > 0, D > 0, and A-B > 0 all terms of Equation E.58 are positive, and si8 Ros-
itive as well.
1-AB + 4/(1— A%)(1-B?)
y— >0 E.58
Ri<1

With J(1-A%(1-8B%>0 , and (1-A)(1+B) > 0, we can show thaiRbigger than 1.

(1-A)(1+B)+J(1-A*)(1-B)>0 E.59

1-AB+4(1-A)(1-B)>A-B
1-AB+J(1-A)(1-B%) 1
A-B

Considering that Equation E.59 is wrong R not a valid solution. So we have to check the second
possibility.
R>>0
With A-B > 0, 1+A?B%=1+A’B?, (A-B)? > 0 and A-B > 0 we can show that the denominator
(Equation E.60) as well as the nominator gfefRe positive.

A?—2AB+B*+1+A’B*> 1+ A’B? E.60
1-2AB+A’B*>1+A’B*-A?-B?
(1-AB)*>(1-A%(1-BY
1-AB>(1-A%(1-BY
1-AB-4(1-A%(1-B%>0

Ry<1
With 1+A%B2=1+A%B2, A-B >0 or B-A <0 and 1-A+AB+B >0 we can demonstrate
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(Equation E.61) that fRis a valid solution.

with 1+4A°B? = 1+ A”B? A-B>0 or (B-A)<0 and (1-A+AB+B)>0 E.61
2(B-A)(1-A+AB+B)<0
2B—2AB+ 2AB® + 2B~ 2A + 2A—2AB’ -~ 2AB<0
1+ A’B°—2B-4AB + 2AB* +2B°—2A + 2A’—2AB’ < 1+ A’B?
1+ A’B*—2B-4AB+2AB* +B’—2A + A>2AB°< 1+ AB’-A°-B°
(A—B-1+AB)(A-B-1+AB)<(1-A%(1-B?
(A-B-1+AB)<.(1-A%(1-B?
A-B<1-AB-(1-A%(1-B%

1<(1- AB—4(1- A% (1-B%)/(A-B)

So we get for r and R equation E.62 and E.63.

_ 1-AB-J(1- A)(1-B?)
R = N E.62
2 2
- 1-Ja-B)/(a-AY E.63

) B-A4(1-B?/(1-A%

E.8. Calculation of the modulation for a polarization between the optical
axis

Figure E.3 The axis of an ellipsoid.

If the applied electric field Eis parallel to the z-axis and the optical axis are parallel to the x respec-
tive y axis, the ellipsoid of the refraction index is given by Equation E.64.

nx(EZ) = no + %no3r4lEz E64
1 3
ny(Ez) = no_é No I'41Ez

n,(E;) = n,

In Figure E.3} is the angle between the x axis and the polarization given by the direction of the elec-
tric field of the laser beam. For the further analysis, we will project the electric field of the laser beam
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onto the x and the y axis and execute the calculation for both axis separately (Equation E.65).

Ex, Lasefr cos(cb) |:EAmpIitude Laser E65
Ey, Laser: sm((])) |:IEAmpIitude Laser

So for the response of the cavity we get Equation E.66.

41'[d

B ) 2n0r41EzD E
r+Re
Ex,Reercted = COS((I)) EEAmpIitude LaserEE 4d c O E.66
"_ ora1
U1-rRe i
0 7|4And X ;ngr“EZED
- i Or+Re ° O
Ey,Reercted_ SII’](¢) DEAmpIitude LaserEE 4T[d e O
0 2 or41
U1-rRe “H
For the output intensity we get Equation E.67.
E.67

- 1 -
IOutput - [(Ex.ReflectedEEx,Reflecte<P+ Ey,Reercted[Ey.ReercteuED -
2 DZMalterlal

H 4r[d 810 + 2”0’41'5 EP -4 B‘a’z Nora1ExH] |
2 r+ Re .. ) 2 r+Re ..
) D————————— D————————— 1
Ilncldentuéltos(‘b) 4"d§1 EED + sm(cl)) 4nd 3 DEB O E
0 "‘*L o 2“ r,,lE h >\_0 o*é”o’uEzD 0
1-rRe 1-rRe
0 0
D P +R +2chos%‘ﬂjg1 + 2 r“E P +R +2chos%ﬂﬁ1 ——r41E %B
= Ilnt:lden%tos(q)) + sin(¢)
E 1+ Rr +2chosg‘ﬂjﬁ1 uﬁ% 1+Rr +2chosg‘ﬂg%l—2r41E%

For the estimation of the modulation, we can linearize both terms separately. So by using
Equation E.42. and by adapting the signs of the partial derivative we get find Equation E.68.

r 6 erlecte eriecte
41% o5( ) 2Reflecte R fI ted —Sln(¢)2 R fl tdEEZE E.68

IEIectroOptic

)\nr41

2 DalReflectedE(cos(q)) sin(¢)2)Ez

)\ n2 ofa1 Déle;leCted[bOS(Z(b) [Ez

By doing the same consideration as in paragraph 5.1 and by taking the absolute valuéofveos(
find Equation E.69.

|
lModuIation: )\ncz)rﬂ.l DCOS(2¢)| E‘éél)\ef DEz E.69

E.9. Calculation of the modulation for E=E+E,

In this section we will try to estimate the systematic error introduced by an electric field not parallel
to the z-axis. The electric field is given by Equation E.70 wheigthe angle between the electric
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field and the x-axis as defined in Figure E.4.

s cos(0)
EMicrowave = EAmpIitude 0 E7O
sin(B)

By using the Equation (57) to (59) we get for the (normalized) optical axes the vectors given in
Equation E.71.:

I | sin(e)] sin(e)]
—cos(0) _—_ﬁ 3
Vector, = 0 |, Vector = —% , Vector, = % E.71
2 2
sin(0) cos(6) cos(8)
i 1 L V2 ] L V2 ]
Optical Axis Electric field of

of Crystal Laser Beam

GaAs Crystal  Direction of the Mircowave
Electric Field

Figure E.4 Configuration using the polarization shift to measure the signal.

The according eigenvalues respectively the refractive indices are given by Equation E.72.

n, =n, E.72
Ny =Ny + ZNGly,l Amplitude

2

_ 3
N3 = n"_i Mol 21Eampiitude

The incident laser beam is aligned parallel to the vector Polarizatigias given in Equation E.73.

1
1| |-=
2
Polarizatio,ee, = | 1| l| 1 E.73
J2
0 0

So for the projection of the laser beam on the different optical axis we get Equation E.74
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C] | 1| [sin)
EE o 6) K ~ ( ()
_ _ Co _ 1 |_—(1+sin
a = _l_ X 0 - ,\/é , B= _l_ x _j—é - —2-
12 sin() 2 cos(6)
0] | | Lo | 42 ]
1] [sin)|
5 ¥
1 | _1-sin(®)
Vel | % 772 E.74
J2 cog(0)
L0 [ 42 ]
and

three phase shifts ¢, =

4mdn, 4md 1ls
2 @ = T EH1O+ §n0r41EAmpIitudeE

By defining the
r4lEAmpmudeH and by using Equation E.35, we ge‘f for the response of the cavity

_ 4md 13
¢ = I 05"
Equation E.75.

- »
cos(0) r+Re
N2 1+Rre™®

. =i,
Erefiociea = | XLF Zm(e)) ot Re_i(pz E.75

1+Rre

1-sin(8) r+ Re °

193

2 1+Rre |

By using the normjvectorx VectoF] as definition for the intensity, we get for the reflected intensity

Equation E.76.
E.76

IReflected =

cos(6)? Dr2 +R%+ 2Rrcos(@;) L sin(0))? Dr2 +R%+ 2Rrcos(g,) La- sin(0))? Dr2 +R%+ 2Rrcos(@;)
4 1+ R2r® + 2Rrcos(@,) 4 1+ R2r® + 2Rrcos(@s)

2 1+ R2r2+2chos(<p1)
If ¢ = ¢, = ¢, Or with other words if Bympiitude, Microwave 0 We find again Equation E.36. For the
analysis of the modulation, we will use the same approach as in chapter 5.1 but we will linearize each

term of Equation E.76 separately. So we get for the electro-optic signal Equation E.77.
E.77

IEIectrqutic =

co8)? , @  Or'+R°+2Rrcosq) (1+sin@®)> - . (1—sin(8))’
2 E =) 2 2 EEAmpIitude+ 4 a.+ 4 o.
Amplitude[ll + R°r” + 2Rrcos(@,)

By using Equation E.43 we get the electro-optic signal for this setup Equation E.78.

Epmplituge = 0
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IEIectroOptlc = E78
(+ s;n(e)) Dale;\\ectedD Mo r241)‘0 Epmpiuce (a- 521(9)) Dale;\lectean r421)\0 Epmptiods =
al erlecte nKZJr )\0 i e 2
Ra;\‘o : dD 421 Eﬂj— Slzn( ) EEEAmplitude
Finally we get for the resulting modulation Equation E.79.

_ |l 2 1+ sin(6)°

IModulation - Mj‘ Ehohﬁ‘o% EEAmpIitude E.79
o}

E.10. Calculation of the Polarization Modulation

Optical Axis Laser Beam
of Crysj@l 77777777777777777777 _.~Polarization
\
o\
’ " Angle between optic:
RV axis and polarizatior
“Polarizer

Figure E.5 Configuration using the polarization shift to measure the signal.

By projecting the vector of the electric field onto the optical axis of the crystal (Figure E.5), we get
Equation E.80,

Ex,lncident: EAmpIituda LaserEb(_)S(q)) E.80
Ey, incident= Eamplitude Lase 5IN(P)

whered is the angle between the optical axis ‘x’. So now will study the propagation of laser beam
for both optical axis separately. We assume that the direction of the applied microwave signal is par-
allel to the z-axis. By using the result of Equation E.35, we get for the reflected laser beam
Equation E.81.

r+ Re 4T[d 0
Ex, Reflected™ _EAmpIitude LaserD—_,q, [cos(¢) with @, = 2n r41EZ|] E.81
1+ Rre
4T[d 13 O
r+ Re
Ey Reflected— EAmletude LaserD— [Bln(d)) ®.= )\ 2n0r41E
1+ Rre

The reflected laser beam will pass a analyzer which is aligned perpendicular to the polarization of
the incident laser beam. So after projecting=Efiected@nd E RreflectedONto the axe of the analyzer
the laser beam is given by Equation E.82.
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i
|jl’ +Re .
Ex, Polarizer: _EAmpIitude Laser _i(pl Esm(q)) [b05(¢) E82

1+Rre

g,
r+Re .
Ey, Polarizer— _EAmpIitude, LaserEI g, EbOS((I)) [Bm(d))

1+Rre

According to Figure E.5 we have to subtragtiefected0OM Ex Refiectedi© get the resulting electric
field.

i
E = -E [ r
Polarizer Amplitude Laser'

-ig, 0
_1*Re Arpog¢) Csin(d) E.83
” -0,

+Rre ™ 1+Rre

For the calculation of the laser beam intensity we use again Equation E.36 on page 122.

2Z\aterial % i Rrre®0 D4 Rre® 14+Rre®

2 o = Ao S

-E . . O 1 O 0
Ipo.anzes—————Am""‘“"“a“t(cosw)mn(qa))Z#Hl”Re _I*Re gprtRe r+Re éﬂ E.84
+ Rre

1 &

. —i9, —-iQ, —i -,
[%§|n(2¢)|32 r+Re r+Re ‘O Or+Re r+Re _
IIncident 2 O G o, - WE ‘i‘l’l_ % -

Ci+Rre ™ 1+Rre 0 O+ Rre 1+Rre ?

L1

),

- EEsin(Zq))[f (r+Re ™ OL1+Rre ?)—(r+Re ?)Q1+Rre
etdent 2 0 (L+Rre ™ Q1+Rre )

(r+Re"®) M1+ Rre™) —(r+Re®) 1+ Rre™®)']

-ig, O -ig, O
(1+Rre ™) O1+Rre ) ‘

e B2 |_(ROI-A) ™ ™) MR-y e e ™)
Incident 2 0O P EPN Se, Py
(1+Rre H[Q1+Rre ) 1+Rre ) Q1+Rre ZH

lineia IEESin(zqy)Bz ERz(l— rz)z (ef"pl—ef'wz) [(e—uwl_eﬂlz)m
nciden 2 " 5 S 5
(L+Rre ™ Q1+Rre %)D[(1+ Rre ) 1+Rre ?)

By using Equation E.85 and Equation E.86 we can simplify Equation E.84.

(e_i(pl—e_i(pz) E(e_i(pl—e_iq’z)D = E.85

(cos(@y) —isin(@;) — co(@;) +isin(@,)) [{cos(@y) +iSiN(gy) — COS(@)—i Sin(@,)) =
(coS(@r)—cos((2))” + (—sin(@y) + sin(@,))” =
cos(@;) ~20((;) COS(@,) + cos(@,)° + Sin(@;)° — 2sin(@y) Sin(@,) + sin(g,) =
21— cos(@— @) =

A |
4IIL<_:|nD 50

(1+Rre'® Q1+ Rre'?)H = E.86
(1 + rR(cos(@) —isin(g))) {1+ rR(cos((¢) +isin(¢))))
= (1+rReos())” + (rRsin(¢))” =
1+ 2rRcos(@) + rszcos((p)2 + rszsin((p)2 =
1+ r’R? + 2rRcos(@)
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By putting together the previous results, we get for the output intensity given in Equation E.87.

 2mdn W= D
B)\—D R3(1- )
. 2
IlncidentEBm(z‘b) G E 87
d d '
IpolarizeEz Ag §) = %H PR% + 2chosE}\ﬁ B1O+ —n0r41Ez% +PR%+ 2chosE}\& —%narMEz%
o

Considering that the electro-optic coefficient is very small (for GaAs1.41 10%? m/V), we can
neglect its influence in the denominator (Equation E.88).

md E,
EZ%D RA(1-r)°

E.88

IPolarizer(Ezv )\01 ¢) = llncidentEBin(Z(b) D

%l + PR + 2chosD-7-noEE’r

E.11. Calculation of the Polarization Modulation with twoA/8 wave plate

The modulation is not effective for the setup discussed in the previous paragraph. It is very weak
because of a bad choice of the working point. We can see that by considering that Equation E.89 be-
comes zero.

0 . 2 _

%Esm((p) o =0 E.89

In the most configurations, the working point is changed by introducing a quarter wave plate. In our
case we introduce @8 wave plate, because the laser beam will pass it twice. The optical axis of the
A/8 wave plate have the same directions as the optical axis of the GaAs crystal as displayed in Figure
E.5.

Analyzer

Electric field of
Laser Beam

A/8 wave plate with same optic
axes as GaAs Crystal

GaAs Crystal

Optical Axis rbf Crystal Angle between optical
axis and polarization

Figure E.6 Configuration using the polarization shift to measure the signal and
A8 wave plat.

So Equation E.81 becomes Equation E.90 whél&%and €™ respectively &°and &2 are the
phase shifts caused by the wave plate.
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r+ Re
Ex Reflected™ EAmletuda LaserEE D—l Ccos(¢) with Q= 4T[dH'| + = n r41EZD E.90
1+Rre
'" 4md 13 0
r+ Re = — E
Ey Reflected— _EAmplltude LaserEE D—z ESln((])) . )\o 2n0 41
1+ Rre

So for the electric field at the output of the analyzer becomes Equation E.91.

O r+Re ™ r+Re 20
Epotarizem _EAmpIitude Lalseru}I D—_|l € D—DEbOS(q)) Csin(¢) E.91
U 1+Rre 1+Rre %0

sin(2 r+Re K r+Re7i(p2E|
EAmpI|tuda Laser ( ¢) EElﬂ- Dl = * +1 Dl R E
+ re + re

So for the reflected intensity at the output of the analyzer we get Equation E.92.

1
I — E o [E . = E.92
Polarizer ZDZMaterian Polarizer PolarlzeH
g2 20 _Tiey -ie ] -0
AmplitudeEsin(Zti)) EBHRe +i r+Re D[BHRe +i0 r+Re O-
2z i -ip,0

. 4 — -,
Material Oerre 1 1+Rre 20 Dl+Rre 1 1+Rre 0

2 Kpl%u Rre 2I:'+|B+Re %H Rre_i(p]'%
L sin29) [B;djz
Incident 4 H N -ig, E .0
| |
5 H+ Rre HH+Rrre 7 g
m e Siop .o % —ioym -9y o) o ey _i(PlEJ:b
) 2 +Re “Ol+Rre “O+Id+Re “Ol+Rre "MCRI+Re 0 Ol+Rre “0 —ld+Re O @+Rre 0
-sin(29)% [0 o o m] 3] 0o o O od

1, .
Incident~ 2 0 e iy o ey
l+Rre DEDL+ Rre D EDL+Rre O +Rre O
O oo ]

Dgin(icb)z .

IIncident

. . . O . 0O .
0 —1910 0 190 . -9y -0 —-i9;0g =iy g g =g, EE]l -ion
O+Re “0OK..)001+Rre 0L..)0+1HT+Re EDl+ Rre D:r+Re DDL+ Rre D—(...)EH+D+Re 0d...) 0o +Rre "0d..)0
0 0 O 0 oo O g o 0 O 0

u] -o0 u] o0
O +Rre 1DE(...)DEDL+ Rre 2DE[...)D
O O O O

By using Equation E.93 we can simplify the expression for the intensity at the output.

(r+Re'...)0= r+R?+2rRcos(g) , (1+Rre'®...)0=1+r’R*+2rRcos(g) and E.93
i (r +Re ®)(1+Rre ™)(r+Re ™) (1+Rre %)H ( )0 =
-2 Mm((r+ Re_i(pz)(1+ Rre_i(pl)(r +Re ™ (1+ Rre )E& =
=2 Mm((r + R(cos(@,) +isin(@,))) L{r + R(cos(¢,) —isin(g,))) U
(1 + rR(cos(@,)-isin(@,))) 1+ rR(cos(@,) +isin(g,)))) =
2 {1+ rR(cos(@,) —sin(@,))) Lrsin(@,) + Rsin((@, — @,) —rsin(e,))) L1 + rR(cos(@,) — sin(¢,)))

So finally we get for the intensity at the output Equation E.94.
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. 2
IOutpul()‘ov Ez1 ¢) = llncidemDsm(—Z(b)' E94

D(r +R? +2rRcos(@,))(1+r °R? + 2rRcos(@,)) + I +(r +R? +2rRcos(@,))(1 +r ’R? + 2rRcos(,))
L+ ’R%+ 2rRcos(@,)) 1+ “R* + 2rRcos(®,))

with n= _45%[(1_ ) [R[H:a(n rz)cosD 1;‘92%, r(l+ RZ)COSD 1;%%Esingp_1;¢z% )

¢ = 4{@ *3 n r41'5EI and 4{? o ;n3r41EZH

So the expressions is more complicated than the responge € sin(24)) ) of a ‘standard’ polar-
ization modulation cell (the beam just passes through the crystal without any reflections)th a
wave plate.

E.12. Calculation of the phase shift modulation

In the setup for the phase modulation, we split the incident laser begg(Ese} into two equal

parts, one part for probing and one part as a reference At the output we recombine the sensed
(Aprone® % Prove ) and the reference beam{. ol ® | PReference )x Mdicates an attenuation andn-

dicates a phase shift cause by the propagation of a laser beam or caused by the ‘modulation’.

E -i9 —i9
_ Input Laser Probe Referenc
EOutpuL Laser ™ 2 (AF’robeEte + AReferenceIZE j E95

In the following deductions we assume that there are no further loss or gain in the system, and hence
Aprope<1 @NdAgerene< 1 - FOr the intensity of the laser beam we get Equation E.96.

1
IResponse_ 27 |E0utput Laser[EOulput Lase[rzl_ E96
Material

linci . .
In%m{](AProbe(cos(sProbe) =1 Sm(SProbe)) + AReferencécos(SReferenca =1 sm(SReferenca)) E( )E' =

| i 2 . . 2
InL(mm1('A\Probe(-"os(’sF’robe) + AReferencgos('BReferenca) + (AProbesm('SProbe) + AReferenc§|n(3Referencg) |

I nciden
= %l(Alirobe+ Aéeference"' 2AFleferenceDAProbelj:os('sProbe_'sReferean)
By calculation the real and imaginary part of Equation E.35 on page 122 in Equation E.97 and by

exploiting Equation E.37, we can calculate the attenuatigp (Equation E.98) and the phase
shift Up,ope(Equation E.99) caused by the cavity.

£ e Dr+Re D— _E r+Re O + Rre_i(pd] E.O7
Reflected Laser— —Eincident LaseDl + Rre'q’D Incident LaseDl+ Rl’el(p[l + Rrel(pD .
E or+Re™® o 1+ Rre
— TEincident Laseq_'_ Rre_i("D + RFEWD =

E (r + Rcos(@) —iRsin(@)) {1 + Rrcos(@) +irRsin(¢))
“incident Lase[] 1+ R2r2 + ZRTCOS(CP) O

e Eh R(1+ |’2)cos((p) + Rr+ i(R(r —1)S|n((p))|3
Incident Lase 1+ R I’ + 2chos((p) |:|
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2 2
_ [ r"+R"+2Rrcos@) . . 4md 13 0O
Aprane = A/1+ R’r? + 2Rrcos(@) with 0=, o * 3Nl £.98
_ RI*-1)sin(¢) g 4dg .13 O
9 = ArcTanH with @= =——=h, + =n,r,E, E.99
Frobe H1+ R?) + cos(@)R(1+ P)H Ao ol 2o

So now we have to ch00S&¥#¢erence@NdUReferencdN @ Way that we get a “good” modulation. Con-
sidering that we are interested in “strong” variations, we are looking for the working point where
Equation E.100 gets maximal or minimal.

0 .
asp ) COS(SProbe_SReferencg = _Sln('aProbe_'SReferencs).lE -0 E.100
robe E.=0 z

z

So the optimal choice fargeferencaVill be equation Equation E.101.
BReference: 3Pr°b4EZ:Oig E.101

Finally we choose Aeterenczl to simplify the calculations and hence get Equation E.102 for the re-
sponse of the phase modulation.

I id 2
lResponse: %tEBJ- + AProbe) + 2AProbe[bOS%Probe_8ProbelE -0 + g% E.102

E.13. Calculation of the Gaussian beam in free space

We start with the calculation of the spot size in free space. The laser beam leaves the optical fiber,

passes through a lens and is focuses to a spot (Figure E.7). The distance output fiber/lens is called
A. For the first example this distance should match the distance B between lens and spot or with other
words the magnification factor B/A should be one.

2W. 2w 2WSpm

Fiber Lens

Output Lens
Fiber (Focal f)
Figure E.7 Calculation of the spot size and the focal distance with a
lens at the fiber output.

Spot

For this calculation the given parameters are the wavelength of the lase\Retra refraction in-
dices of the air g;,, the beam waist at the output of the fibegjyg, as well as the focal distance f of
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the lens. We assume that at the output of the fiber the laser beam is a plane wave. Also we do the
assumption that the beam waist has the same size as the Mode Field Diameter and so according to
Appendix A.2.3. on page 106 we do our calculations with a valuegfa@Wjiroutputriber 2 [MM].

The seeked parameters are the focal distance A and the spot size in free;space w

As the output of the fiber is a plane wave, the complex Gaussian beam parameter can be describe by
Equation E.103.

i = _'2#"0__ E.103
Gair TWEibeMair
If we redefinez, = A,/ (wiy.na,) We can rewriteag as Equation E.104.
| W2, o N .
Oair = —;'b‘” Al =z, E.104

o

By using Table 2 on page 45 we can determine the characteristics of the beam propagation by

Equation E.105.
1 f-AAQRf-A) _ 1A 1 O 1A E.105
fl-1 f-a 01 |-v/f1 [01

So the complex beam parameter after the fiber is given by Equation E.106.

_AQE-A) +iz,(f-A)

spot = gy E.106

To determine the position of the focus, we have to find the point where the Gaussian beam is a plane
wave. So the real part ofgg,has to vanish and for this value we can calculate the beam radius
(Equation E.107).

eE{A(Zf -A)+ iéo(f -A)) Of .—A +iz,) 0
(f-A—iz,) Of —A +iz,)

AQ2f —=A))(f —A)Z2(f —A) +iz f°0
e ARIANI-A)2i(f-A) +izf,
0 (f-AY+2 0

E.107

(f—A)(A*=2Af+ 2= 0
(F=AYF+ FP=Z2—A)(f = Jf2=Z2=A)= 0

In Equation E.107 we get three solution but only one is the wanted one. The first solution A=f indi-
cates the case with the fiber output in the focus of the lens. So at the output of the lens the Gaussian
beam becomes (exceptionally) a plane wave. The second solatien em ) indicates the triv-
ial solution when the output of the fiber is about in the center of lens. So the searched solution is
Equation E.108.

A=f+ffP-2 E.108
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In most casegzis much smaller than the focal distance f and in this case we get for

By putting the solution of Equation E.108 into Equation E.106 we get the complex Gaussian beam
parameter for the focal point. It is not surprising that this parameter is identical with the parameter
at the output of the fiber and hence the beam waist of the spot is identical with the beam waist at the
output of the fiber.

i Z,f° i Z,f° .
quot = = =1 |1o = air E.109
(F-AY+Z  (f-t— f2-D) 42
and hence
| CTOWZ e Nair _i D'[ngotnAir E.110

) - A

o

WEiber = Wspot

E.13.1. Magnification factor =1

In the previous section, we assumed that the lens is exactly in the middle between the fiber output
and the focal spot. We will modify the calculation so that we can analyze the common case where
A #B (Figure E.8). A as well as B have to be bigger than the focal distance f to guarantee the gen-
eration of an image. In this setup A is given and B is the searched variable.

2WLens 2WSD0t

2WFiber

Output Lens
Fiber (Focal f)
Figure E.8 Calculation of the spot size and the focal dis-
tance with a lens at the fiber output.

Spot

So for the ray matrix of our setup we get Equation E.111.

}D[f—B f(A+B)—AB] _ [1 B] E{ 1 0} D[lA] E 111
fla f—A 01 [-/f1 |01
So for the complex Gaussian beam parameter we get Equation E.112.

_ (f(A +B)—AB)(f —A) —Z(f —=B) + iz,

Gsoet = E.112
Spot (f —A)2+Z§
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So by requiring that the real part of Equation E.112 is zero, we get for B Equation E.113.

(f(A +B)—AB)(f —A) —Z2(f -B)= = E.113
_HAR 1) +2)
(A-f)*+z
So for g5yt We get Equation E.114.
f2
o = . E.114
qut (f—A)2+Z§
f2
Ospot = m Wkiper
So we can calculate the beam waist in the spot Equation E.115.
i 2 2 i 2. .
I D-[\NSpOtnAir - f > ZE! Ij-[\NFlbernAlr E.115
Ao (f-A) +2z Ao

2

R f
Spot™ Fiber 2 2
(f-A) +z7

_ q £
Wspot = WFiber m
0

So the beam waist depends on the parameter A or on the magnification factor A/B. It becomes max-
imal if A=f.

E.14. Spot Size of our probing device

In this paragraph we will have a look at a Gaussian beam focused on the back side of a GaAs sub-
strate (Figure E.9). The laser beam propagates a distance A (with A>f) and is focused by a lens with

a focal distance f. Afterwards the beam propagates again distance C where it hits the Air / GaAs in-

terface. After the interface the beam goes through the substrate of a given thickness d and the focal
point should be at the end of it.

The given parameters are the beam waist at the output of the fierthe distance A, the focal dis-

tance of the lens f, the thickness of the substrate, the refraction indices ofjAand GaAs gaas

as well as the laser beam wavelengthin free space. The unknown values are the beam waists

Wi ens WsurfaceBNd Wso1g @Nd the distances C and x. All parameters are defined according to Figure
E.9. As in the previous sections we assume that the Gaussian beam is a plan wave at the output of
the fiber as well as in the spot.
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2w,

Fiber 2WLens 2w,

Surface

2WGoId

Output Lens GaAs Golden
Fiber (Focal f) Substrat  Backface

Figure E.9 Calculation of the spot sizes and the focal distances with a
lens at the fiber output.

So for the ray matrix of our setup we get Equation E.116.

n n n
Na; —CaAst _C)—d A-S2AS(f _C) + d(f —A) + Cf—S2As
n ”[f Nair ( ) i ( Jral ) Nair E.116
GaAs 1 F_A

bt d Bt g%

So for the complex Gaussian beam parameter we get Equation E.117

NGaas NGaas | - mGaAs O
A-S28(f —C) + d(f —F) + C-S20+ iz J20%(f —C) —

_ Air Air [o] Air
Uspot = AT E.117

By using some software to simplify Equation E.117 we get the following term:

_ 1 fA +'fZ0 m
Ospot = ﬁ;‘;aj Mair + Ngaastt + N E.118
By requiring that the real part okgqis zero we get the following value for the parameter C as given
in Equation E.119. If we assume that A=2f and that the beam waist at the fiber output becomes very
small z, - 0 ), the solution becomes C=2fgiNzas

oo fAAN)+7) Ny

— E.119
(f-A) +z;, Ncaas

So for the complex beam parameter in the focal point, we get Equation E.120 as well as the corre-
sponding beam waist. If the magnification factor is oes f + J/f2-22 and so we find thg e
equal to ;.

2.
NGaas f 1Z,

f2
O and Sowg oy = Wh, D/——-—————-——-— E.120
A (f —A)2 + Zi Gold Air (f _A)Z + Zi

With the previous result it is easy to deduce to other unknown parameters.

quot =
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dAa
Wsurface = Waold DJ1+ EHW—ODZ E.121

2 a
coldNGaas

/ AN, 7

— 0 o

Wi ans = Wp 01+ 5 E.122
iirnAirD

By subtracting the result of Equation E.119 to the value of Equation E.113, we find the according
value for x.

E.123

cofAAN+z) DAA-H+z) na O My
(A=f)’+22 O (A=f)’+2> Neaas O Noans

E.15. Recalculation of the cavity response

In the previous calculation we neglected the fact, that the incident beam is an Gaussian beam with
finite dimensions. So we did not take into account that the beam waist spreads considerably while
the beam is propagating is the GaAs substrate and that the reflection of the Air / GaAs interface will
not be re-injected properly into the fiber because the focus will be slightly off. Considering that the
beam has to be re-injected into the fiber output, this will cause supplementary losses for the second,
third and further reflections.

E.15.1. The first reflection

Another neglected problem is the location of the focus of the Air / GaAs interface. The reflection
will not be focused properly into the output of the fiber (Figure E.10). We will calculate the beam
waist of the reflected beam at the output of fiber. Afterwards we use Equation E.125 to determine
the supplementary attenuation.

2WLens 2WSurTace
2WRefle(:ted
2V\‘IFiher
e
2\N|njected A
o
4
Output Lens GaAs
Fiber (Focal f) Substrat

Figure E.10 The reflection from the interface Air/GaAs are not re-
injected properly into the fiber.

For the calculation of this attenuation coefficient{@n,ation W€ assume that both Gaussian beam

are approximately plane waves. In this case we can use the equation which describes the losses due
to MFD mismatch between two single mode fibers. For this calculation we use the scalar product
between the two Gaussian modes and we normalize it as indicated in Equation E.124.
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4 [MFD,’ IMFD}

: E.124
(MFD?+ MFD?)

LOSS\/IisMatch =

For the calculations of the Fabry Perot Cavity, we use the electric field and not the intensity of the
beam. Hence by replacinWlFD = 20w, and by using the root of |@gspich We find
Equation E.125.

2 D'Nlnjected IjNFiber

RAttenualion = 2 2 E125
Wlnjected + WFiber
FOr Weijpe=Winput We find Equation E.126.
2 O,
RLoss(WInjected: WFiber) = Tﬁber = E.126
WEiper

According to Figure E.10 we can calculate the complex beam paramgtgr d

11f-A f(C—x+A)+A(X-C)| _ [1A 1 0 41C-x E 127
f] f—C+x 01| |-w/f1 o 1

2
with x = h.d’ C = f(A(LfZ).ii_o)_x andzo =
Ngaas (f —A) +z,

2
T[WFibernAir
Ao

A and f are the given distance between the fiber output an the lens respectively the focal distance of
the lens. By using Equation E.115 as the beam waist in the reflected spot we get for the complex
beam parameter of the reflected beam at the position of the fiber output Equation E.128.

1 (f -C+ X) _QReerction
= E.128
qlnjected (f (C X+ A) + A(X _C)) + (f _A) EQReerction

. 2 . 2 2
th — | D-[V\/ReflectiornAir _ | DTDNFiber[f [hAir - 5%
wi OReflectionFront = A - 2 2 = I LZReflectedFron
0 A T(f=A) +12y)

As the reflected beam is not focused on this pdirg( Grefiection) % O . By using the definition of the
complex beam parameter we can calculate the beam waist by using equation Equation E.129.

Ao

Wlnjected= J 0 1 0
n-0Om [ha;
ﬂqlnje(:tetJ:| Alr

E.129

So we calculateIm( Orefiection
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ol o_
Dmuqlnjecle(p E130

- ((f =C + %) =i Frepeciearron L (C =X+ A) + A(x =C)) + (f ~A) 0 Fpegieciearon 0_
[((f (C =X+ A) + A(X _C)) + (f _A) b &ReflecledFron} [((f (C =X+ A) + A(X _C)) + (f _A) G IlReerctedFron)FB
DmE(...) +i Zreflectedrront{—(f —A)(f =C+ x) = (f(C—x + A) + A(x —C)))% _
u (f(C—x+A) + A(x =C))* +((f —A) (refiectedrront u
ZReerctedFront[[_(f _A)(f -C+ X) _(f (C X+ A) + A(X _C))) -
(HC=x+ A) + A(x=C))* + ((f =A) (Zgenectedronl-

2
_ZReflectedFrom[f
(f(C—x+A)+A(x _C))z +((f=A) &ReﬂectedFron)z

Hence we can calculate the beam waist of the re-injected laser beam (Equation E.131) and the ac-
cording attenuation.

_ JAOE«f(c—x+ A) + AX=C))*+ (T ~A) retected ) £ 131
Wlnjected - 2 .
H&ReflectedFrontD']Air K
Ao ((C —x+A) + A =C))* + (F —A) Fperiocted )
2 [Wl:iber[| N [f2

Rme — ReflectedFr;)ntEhAir - E.132
Oo A H(F(C—x+A)+AXX=C))"+((f —A) Frefiected )H
WVEiper + 2 U
u nDZReerctedFrontEhAir o U

E.15.2.Calculation for the loss in the substrate

Also the higher order reflections from the golden back face will not be reinjected properly. For the
calculations of this attenuation coefficient, we proceed as in the previous paragraph.

Nair AN(f = A) + ng 5 (f(A +C) —AC)

f—A
z i = E.133
1. Ngapdf —~C)-n; AN
nAir
1A|{ 1 o1cl41 0 1 d2N+ 1)
01 |[-1/f1 [0 1 |0 ngaae/Mai| |0 1
. Noan f%iz _ Naj f(AA =f) +22) TWZipeai
With ggpe = =220 — = iZgpe, X = ——d = —> % _x,z,= —222" and N

n ir - 2 2 n aAs , — 2 2 o
0,1,2.) indicatiﬁg th(gz o'rA‘d)erJr oﬁ"reflection, we géBt for the imagfﬁar'?‘/)pgrtz ©of the complex beam parameter of the

reinjected beam Equation E.134.
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Dmﬂls,)op E.134

nGaAs(f C)_nA|rd(2N+ 1) IZSputEhAlr O

D']Alrd(2N+ 1)(f A) + nGaAs(f(A +C) AC) + 'ZSmehAlr(f A)D
E (nGaAs(f C) r.|A|rd(2N+ 1) IZSpotEhA\r) E(nA|rd(2N+ 1)(f A) + nGaAs(f(A +C) AC) + IZSpotEhAlr(f A))D g
[(nAlrd(ZN"' l)(f A) + nGaAs(f (A +C) AC) + 'ZSpolnAlr(f A))(nAlrd(2N+ l)(f A) + nGaAs(f (A +C) AC) + 'ZSpotnAlr(f A))

_ Zspotthair HNa;  d(2N+ D(f —A) + Ngapdf(A +C) —AC) + (f —A) [ngaaf —C)—Ny; d(2N+ 1)))
(Naic AN(f = A) + Nganf(A +C) =AC))” + (Zspo( i (F ~A))°
ZSpot[hAlr EhGaASErz
(ﬂA.rd(2N+ D ~A) +Ngaadf (A +C) =AC))* + (Zspor (Nais (F —A))?

Hence we can calculate the beam waist of the re-injected laser beam (Equation E.131) and the ac-
cording attenuation.

W oM 2N+ D(f ~A) + ngandf(A +C) ~AC))* + (Zgporai (F ~A))” E 135
Injected — 2 2 .
T[EZSpolEhAir EhGaAS[f

Wi O JAO (U AN+ DT A) * Neanl (A +C) ~ACY" + (Zepey [ (f ~A))’
T g0t Mair (Mgans [

Ao Anair d(2N+ D(F ~A) + NgandF(A +C) ~AC))” + (Zgpo e (f ~A))°
T[&s;;ot[hiir EhGaAs[fz

E.136

RBack =

WEiper

E.15.3. Re-calculation of the Fabry Perot cavity response

As we could see in the previous paragraphs, there are additional losses due to the divergence of the
laser beam. Hence we have to modify our calculation a little bit.

+

= 1 Rerom E.137

R" = R [Rgaek E.138

According to Equation E.137 and Equation E.138 we modify the reflection coefficient. For the re-
flection coefficient r we introduce a supplementary phase shift.

1

E
_ _ Inudenl
IReercted’ 27 |EReercted[EReflectecﬂ 27
Material Materiall

Or* o0 OF + RYe®
A +Re AR +Re 0 E.139
M +Rr'e’0 O+ R e D

E(r Ij?Front [E_IA) + (R [RBack)e ' EEE(r [RFrontEE_IA) + (R [RBack)e D
1 + (r ERFront EE_IA)(R |:RBack)e |q)|:| 1+ (I’ [RFrontEE_IA)(R ERBack)e

_ Elnudent

2ZMatenaI

= | (r |:RFront[é_ +R |:RBacke_ ) r |:RFront[e_ +R [RBacke_ )I:I
Inciden — A +
(1 tr |:RFromR l:RBacke o )) (1 +r |:RlzromR [RBacke @ A))[I

| (r [Reront {CO(A) —isin(A)) + R [Rg,ck(COY(9) —i sin(@))) E(
Inciden (1+ r|:RFrontR [RBack(Cos((p"'/\)_|S|n((p+/\))) )

= | (r ERFrom) + (R ERBack) + 2(r [RFront (R ERBack) COS((p—/\)
~ lincident
1+ (I’ [RFront R Ij?Back)z + 2(I’ [RFront R Ij?Back) COS((P"' /\)
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