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1 Introduction

In our modern society, information has become a valuable commodity,
whose range of application extends from personalized advertisement on
search engine web pages to governmental intelligence. Information leak-
age to the wrong hands can often cause severe damage to private persons
or even nations. Therefore cryptography has been used by humanity for
centuries, from first shift ciphers to modern public-key cryptography, to
protect the valuable good information. Today, public-key encryption is
the basis of all secure transactions taking place in the world wide web.
Since the internet has gained such a big influence on our everyday life,
the importance of those algorithms cannot be overstated.
Yet, in the last years more and more flaws were detected and could

be exploited, in even the most modern cryptographic methods [1, 2].
Although those loopholes do not fully spoil the security of today’s en-
cryption methods, further developments in numerical mathematics could
indeed make those algorithms obsolete, since they are not provable se-
cure. In addition, Feynman proposed in 1982 a quantum device able
of executing algorithms exploiting the laws of quantum mechanics, the
quantum computer [3, 4]. Such a quantum computer, as shown by Shor
in 1994 [5], is able to efficiently break modern encryption within reason-
able times. Since first steps towards implementations of the quantum
algorithm proposed by Shor were successfully taken [6–8], the only re-
maining provable secure encryption method known today is the one-time
pad. This encryption method can be combined together with Quantum
Key Distribution (QKD) to establish a long term secure communication
between two nodes, commonly named Alice and Bob.
QKD [9] exploits the laws of quantum mechanics for a secure dis-

tribution of a key between two communication nodes, by transmitting
quantum states over a so called quantum channel. Secure, in this man-
ner, means that information leakage to an adversary by a possible attack
on the key transmission can be detected by Alice and Bob. Therefore,
the fraction of the key known to a third party can be estimated by an
upper bound.
Since first commercially available QKD systems are already available

[10] and trusted note networks were successfully demonstrated [11], the
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1 INTRODUCTION

ambitious goal for the future is to establish a world-wide QKD network.
As attenuation in fibers and free-space quantum channels, however, lim-
its the transmission length of terrestrial QKD to a few 100 km, a global
QKD network can only be achieved using satellite based systems [12, 13].
A big step towards such a satellite systems was recently demonstrated
by Nauerth et.al. [14], where QKD with fast moving airborne platforms
was found feasible. In addition in [15] it was shown, that QKD can be
established with a free-space quantum channel over 144 km, comparable
to a link with a satellite in low earth orbit.
A promising new development in the field of quantum optics are in-

tegrated optical circuits, which are wave guiding structures, fabricated
by ultra-fast laser writing in a bulk glass sample or by lithography. The
big advantages of integrated optics are, that many optical components
can be combined “on-chip” in a small volume and that the fabrication
process is rather easy.
By combining QKD with integrated optical circuits, it is possible to

enable a complete new kind of portable hand-held QKD transmitter mod-
ules, which can be realized in a form factor so small, that even the in-
tegration of such devices into smartphones becomes conceivable in the
future. A first demonstration of a hand-held QKD transmitter is pre-
sented in [16], which is aimed at future automated teller machine (ATM)
applications.
In this Thesis I will present the work done towards a miniaturized

QKD sender using integrated optical circuits.
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2 Theoretical Prerequisites

In this chapter I want to present theoretical prerequisites and depict the
requirements necessary for a successful QKD. The components designed,
built and characterized as part of this thesis have to comply with these
requirements.
I will start by giving the reader an idea of the scenario in which QKD

finds its application and will describe the problems inherent to classical
encryption methods nowadays and to which extend they can be regarded
to be secure. QKD can overcome those problems by using one of various
protocols which exploit the laws of quantum mechanics to establish a
secure key distribution between two remote communication nodes. In
the following the BB84 protocol [17] is introduced, since it is the most
commonly known and used protocol for QKD.

2.1 QKD Scenario

A typical scenario in modern communication is that two parties com-
monly named Alice and Bob share a classical, bidirectional communi-
cation channel which they can use to exchange messages. In general,
eavesdropping on such a communication cannot be ruled out, as such
a channel typically bridges several hundreds of kilometers and is pub-
licly accessible. Therefore the exchange of confidential information over
a classical channel requires encryption.
To ensure that information stays unknown to a possible adversary,

usually named Eve, modern asymmetric encryption methods, such as
RSA [18], rely, only on the computational complexity of the encryption
algorithm, assuming that an adversary will not have enough resources
to break the encryption. In the example of RSA this complexity lies in
the difficulty to prime factorize large numbers, since there is no exist-
ing, efficient (i.e. polynomially scaling) algorithm for that task. Yet, a
breakthrough in mathematics could spoil the security of these methods.
Today, the one-time pad, also referred to as Vernam cipher, is the

only method known, ensuring an information theoretically secure trans-
mission of secret messages. The one-time pad needs a pre-shared key
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2 THEORETICAL PREREQUISITES

between Alice and Bob, beforehand the transmission. Alice uses the key
to encrypt the message by adding every bit of the message to the key
modulo 2. Bob uses the same key for the decryption of the message by
subtracting the bit values of the key again. Therefore, methods using the
same key for en- and decryption are called symmetric. The key has to be
of the same length as the message and must only be used once, because
only then the secrecy of the message is guaranteed. This is because, the
randomness of the key is transferred to the encrypted message by the
addition modulo 2, hence the encrypted text has full Shannon entropy
[19]. Yet, on a long time scale Alice and Bob would have to meet over
and over again to exchange new keys, which is a huge disadvantage of
all symmetric encryption methods.
In 1984 Bennett and Brassard came up with an idea to circumvent this

problem: the BB84 protocol. This protocol can be used to distribute a
mutual key between Alice and Bob in a secure way by exploiting two
fundamental properties of quantum mechanics.
First, quantum mechanics predicts, that a general, unknown quantum

state can’t be copied perfectly, as stated in the no-cloning theorem [20].
This can be easily seen, if one assumes an unitary copying operator U ,
such that

U | Ψ〉| i〉 = | Ψ〉| Ψ〉, (2.1)
where | i〉 is an initial state and | Ψ〉 is the state to copy. For | Ψ〉 =
α| a〉+ β| b〉 being a liner combination of two states then holds

U | Ψ〉| i〉 = U (α| a〉| i〉+ β| b〉| i〉) = α| a〉| a〉+ β| b〉| b〉, (2.2)

which, however, is unequal to | Ψ〉| Ψ〉. Thus, in general, an unknown
quantum state cannot be cloned perfectly, only up to some fidelity.
A second property of quantum mechanics is, that in general one cannot

measure a quantum system without perturbing it. Thus, any attempt of
Eve to gain information from a quantum system, transmitted from Alice
to Bob, will alter the transmitted state, which can be used to detect the
adversary, as will be shown later.
By adding a unidirectional quantum channel, through which informa-

tion encoded in quantum states can be transmitted from Alice to Bob, to
the classical scenario described before, it is possible to make the laws of
quantum mechanics available to communication applications (fig. 2.1).
Analogously to classical information measured in bits, information en-
coded in quantum states is named qubit. A classical bit can either take
the value ’1’ or ’0’, whereas a qubit | ψ〉 can be in any superposition of
two states

| ψ〉 = α| 0〉+ β| 1〉, (2.3)
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2.2 THE BB84 PROTOCOL

Alice BobEve

Classical Channel

Quantum Channel

Figure 2.1: Scenario typical to modern communication. Alice and Bob
share a classical communication channel on which, how-
ever, eavesdropping cannot prevented. In the QKD sce-
nario a additional quantum channel is added to transmit
quantum states from Alice to Bob.

where |α|2 + |β|2 = 1 and α, β ∈ C. This means, that a qubit, contrary
to a classical bit and in marked contrast to the human intuition, can
take the values ’0’ and ’1’, corresponding to the respective states, at the
same time.
The BB84 protocol is a possibility to use qubits transmitted via a

quantum channel together with an authorized classical channel for a
secure key generation between Alice and Bob.

2.2 The BB84 Protocol

The BB84 protocol consists in principle of six steps:

1. State Preparation,
2. Measurement,
3. Sifting,
4. Error Estimation,
5. Error Correction,
6. Privacy Amplification,

where only the first two are “quantum” and the others work in a complete
classical way.
In the first step Alice starts with preparing a quantum state by ran-

domly choosing one of two orthogonal bases, which are mutually unbi-
ased to each other (see fig. 2.2). For example, such bases could be the
eigenbases of the Pauli-Matrices σz and σx. Further Alice chooses, also
randomly, whether she wants to prepare the | 0i〉 or | 1i〉 state, where
i ∈ {x, z} indicates the basis chosen before.
Note that the transformation between the bases is given by

| 0z〉 =
| 0x〉+ | 1x〉√

2
(2.4)
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2 THEORETICAL PREREQUISITES

| 0z〉=̂| H〉

| 1z〉=̂| V 〉

| 0x〉=̂| +45◦〉

| 1x〉=̂| −45◦〉

Figure 2.2: The four quantum states used for the BB84 protocol. The
two mutually unbiased, orthogonal bases are depicted in
blue and red, respectively. The vectors shown illustrate
the states as polarizations of light. Each state confines an
angle of 45◦ with his neighbor.

and
| 1z〉 =

| 0x〉 − | 1x〉√
2

. (2.5)

This leads to

|〈0x | 0z〉|2 = |〈0x | 1z〉|2 = |〈1x | 0z〉|2 = |〈1x | 1z〉|2 =
1

2
, (2.6)

meaning that the outcomes ’0’ or ’1’, according to the states | 0〉 and
| 1〉, are both found with probability 1/2, if the measurement is carried
out in the opposite basis than the state was prepared in.
After preparing a photon in such a state, Alice sends the qubit two

Bob, who measures the qubit in one of the two, again randomly chosen
bases, and who will find the outcome ’1’ or ’0’. If the basis choice of
Alice and Bob coincide, Bob’s outcome will always be identical with the
state Alice prepared. Otherwise the result is uncorrelated.
In the third step, after the qubits are measured, Alice and Bob publicly

announce their basis choices to each other and dismiss all measurements
where they didn’t coincide or the qubit was lost due to attenuation in
the quantum channel. Doing so, they will lose half of the received signals
on average, but will ideally end up with a perfectly correlated key, called
sifted key. The whole procedure is displayed as an example in table 2.1.

At this point, it is worth to pause the description of the protocol to
clarify the influence a possible eavesdropper has on the sifted key, since
this motivates all of the following steps of the BB84 protocol.
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2.2 THE BB84 PROTOCOL

Alice’ Basis X X Z X Z Z Z X
Alice’ State | 1x〉 | 0x〉 | 1z〉 | 1x〉 | 1z〉 | 0z〉 | 1z〉 | 0x〉
Bob’s Basis X Z Z Z X X Z X
Bob’s Outcome 1 0 1 0 1 0 1 0

Sifted key 1 1 1 0

Table 2.1: An example for the procedure of the BB84 protocol. Where
the basis choice of Alice and Bob coincide they find the same
state and can thereby generate a mutual key.

The most straight forward attempt for an attack is the intercept and
resend strategy, where an eavesdropper intercepts the transmission of the
qubit and, as he cannot make a perfect copy of the qubit, measures it.
The adversary then prepares a new qubit, according to the outcome of
his measurement, and resends it to Bob. Since the basis choices have not
been announced at this stage of the protocol Eve has to guess the basis
and will thereby prepare a wrong state in 50% of the cases. Nevertheless,
this erroneous states will only produce the wrong outcome at Bob’s side
in again 50% of the cases. This means that Eve will introduce an error
of 25% in the sifted key. This error, found in the sifted key, is named
quantum bit error ratio (QBER) analogously to the error in classical
communication: the bit error ratio (BER). More sophisticated attacks,
however, will lead to lower QBERs. Nevertheless, the QBER can always
be used by Alice and Bob to determine an upper bound of the information
an adversary has possibly gained by an attack.

In the 3rd step of the protocol, Alice and Bob now exploit the influence
of Eve’s measurements on the qubits by sacrificing a fraction of their
exchanged key and compare it via the classical channel to determine the
QBER.
Since also technical imperfections of the transmitter and receiver mod-

ules cause errors, eavesdropping and technical noise cannot be distin-
guished in general. Hence, measures, such as error correction and pri-
vacy amplification, have to be taken to distill a perfect secure key from
the sifted key.
During the error correction step, wrong bits in Bob’s version of the

sifted key are reconciled. One of the most widely known algorithms
applied for this, is CASCADE [21], where the parity of subsequently
smaller getting blocks of key is recursively compared over the classical
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channel. If the parity of a block is the same, the block is assumed to be
identical for Alice and Bob. If not, the block is subdivided into smaller
parts and the parity is compared again. Of course the announcement
of parities over the classical channel leaks information to the adversary,
because the parity contains information about the bits in each block.
In information theory it can be shown that the information one has to
reveal for error correction is at least the Shannon entropy of the detected
QBER H2(QBER).
The amount of information a possible adversary may know at this

point of the protocol is the sum of the information gained by an attack
as determined by the QBER and H2(QBER) leaked to Eve during the
error correction process. The key is consequently shrunken during the
privacy amplification step [22] by this amount of information Eve can
possibly know. This is realized with so called hash functions, which
are characterized by the fact that slightly different input values yield
completely different output values. Hash functions used for privacy am-
plification accept the error corrected key as an input and transform it
into a new key, shortened by the information an eavesdropper could have
maximally obtained during the previous steps of the protocol. This is
why Eve cannot know a single bit of the privacy amplified key, which
is thereby perfectly secure for encrypting confidential messages with an
one-time pad. For more detailed descriptions of error correction and
privacy amplification refer to [9].
Realistic implementations of QKD transmitters often use attenuated

laser light, since it offers a very convenient way of light generation. Lasers
emit light in faint pulses with a mean photon number per pulse µ. These
pulses cannot be regarded as true single photons, because the probability
to find a pulse with n photons follows a Poissonian distribution

P (n) = e−µ
2 ·µ

n

n!
. (2.7)

This lack of true single photon sources needs an adaption of the QKD
protocol, which is realized within the decoy protocol described in e.g.
[23, 24].

2.3 Stokes Vector, Mueller Calculus, and
Degree of Polarization

One possible implementation for the BB84 protocol is to encode the
qubits in polarization states of light. Any polarization can be described
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2.3 STOKES VECTOR, MUELLER CALCULUS, AND DEGREE OF
POLARIZATION

| +45◦〉

| −45◦〉

| V 〉

| H〉

| R〉

| L〉

S1

S3

S2

Θ

Φ

Figure 2.3: A polarization state represented as a vector on the Poincaré
sphere, depicted in red and determined by the two angles
Φ and Θ. The three Stokes parameters represent the pro-
jections on the principal axes of the sphere.

by two angles on the Poincaré sphere, the azimuth Φ and the elevation
Θ as shown in figure 2.3. According to this vertical polarized light would
correspond to an azimuth of Φ = 180◦ and an elevation of Θ = 0◦ and
right circular light would correspond to an elevation of Θ = 90◦ and
an undefined azimuth. Additionally it can be seen that, the vectors
describing a horizontal and +45◦ polarization confine an angle of 90◦

on the Poincaré sphere, whereas in polarization space this angle sums
up to 45◦. The representation on the Poincaré sphere doubles the angle
compared to the real polarization space.
The projections of the polarization vector on the principal axes of

the Poincaré sphere yield the three Stokes parameters S1, S2 and S3,
respectively. A fourth Stokes parameter S0 is used as a normalization
and represents the intensity of the light. Since those four parameters are
usually combined into the Stokes vector, the vector

~S =


S0

S1

S2

S3

 =


1

1

0

0

 (2.8)
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2 THEORETICAL PREREQUISITES

would describe horizontally polarized light. This notation is also able to
express light which is not fully or not at all polarized.

~S =


1

0

0

0

 (2.9)

describes completely unpolarized light, which would correspond to a
point in the center of the Poincaré sphere, i.e. fully polarized states
are drawn on the surface of the Poincaré sphere with radius S0, wheres
states describing partially polarized light are lying between the surface
and the origin as it is depicted in figure 2.3.
With that, one can define the degree of polarization (DOP) of light as

DOP =

√
S2

1 + S2
2 + S2

3

S0

, (2.10)

which expresses the fraction of the intensity which is polarized. It is no-
table that the Stokes vector can be normalized by multiplying each stokes
parameter with 1/S0. This normalized Stokes vector then describes light
of intensity 1, where S1, S2 and S3 all exhibit values ≤ 1.
Optical elements influencing the polarization of light can be described

as matrices acting on the Stokes vector. This method is called Mueller
calculus and the respective matrices are named Mueller matrices. For
example the action of a horizontal polarizer on unpolarized light is de-
scribed by 

1
2

1
2

0 0
1
2

1
2

0 0

0 0 0 0

0 0 0 0




1

0

0

0

 =


1
2
1
2

0

0

 . (2.11)

From that it can be seen that the intensity S0 became half of the intensity
before the polarizer, nevertheless the DOP increased from 0 to 1. In
general, a polarizer, oriented in any direction, will always allow half
of the unpolarized fraction contained in the light to pass, whereas the
transmission of the polarized part depends on the orientation of the
polarizer.
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2.4 REQUIREMENTS FOR QKD DEVICES

H

V

+

−

Figure 2.4: Illustration of only partially overlapped beams from four
different laser diodes. The dots depict points where Eve
can surely distinguish between the four settings, without
measuring the polarization. The four different modes from
the laser diodes are colored for better understanding.

2.4 Requirements for QKD Devices

A secure realization of a QKD sender and transmitter pair, not only
has to comply with the protocol, but in addition the emergence of side
channels has to be treated very carefully. In QKD side channels are
giving an eavesdropper the possibility to gain information about the key,
by exploiting an imperfect physical implementation of the cryptography.
Because the creation and preparation of photons in certain polariza-

tions is technically relatively easy and since quantum channels for pho-
tons already exist in form of free-space optical links or optical fibers,
many implementations [14, 15, 25] work with four different laser diodes
to prepare the four polarization states | H〉, | V 〉, | +45◦〉 and | −45◦〉
according to | 0z〉, | 1z〉, | 0x〉 and | 1x〉 from section 2.2. The use of four
different laser diodes gives rise to many side channels, which have to be
closed for a secure QKD device. In such an implementation, side chan-
nels are degrees of freedom which are coupled to the polarization and
differ for the four diodes.
For example, the spatial modes emitted from those four diodes have to

be perfectly overlapped. Otherwise, like shown in fig 2.4, an eavesdropper
will immediately know which state Alice prepared, if he finds a photon in
an area where it could only be emitted from one diode. By additionally
blocking areas where the modes do overlap, Eve will gain the complete
information about the key without introducing any QBER and therefore
will not be detected.

11



2 THEORETICAL PREREQUISITES

Due to deviations in the manufacturing process of the laser diodes,
one also has to check for the spectral indistinguishability of the four
diodes. Supposed the laser diodes emit light on different wavelengths
and/or their spectra have unequal bandwidths, the adversary is again
placed in a situation, where he can distinguish perfectly between the four
laser diodes and use it to gain full information about the key without
perturbing the measurements on Bob’s side.
Another side channel arises from timing issues. Since any of the four

laser diodes consecutively prepares one of the polarizations states used
for quantum cryptography, only one is switched on at a time. This
happens with a certain repetition rate frep and a defined pulse width
∆t. Meaning that if a certain state should be prepared, the respective
laser diode should be turned on at times multiple to T = 1/frep and is
turned off again after ∆t. In realistic implementations there will be slight
differences between the electronics driving the laser diodes and between
the diodes themselves, resulting in a different timing for the diodes. By
resolving the pulses in time the eavesdropper could again distinguish
between the four diodes.
Summing up, an Alice module preparing photons in different polariza-

tion states, must do this in a way, such that the photons, encoding the
qubits, are identical in any other degree of freedom than the polarization.

Along with side-channels, an erroneous state preparation also shrinks
the available key at the end of the protocol and can eventually spoil the
security of the device. This can be easily seen for the case where the
second basis deviates maximally, so that it coincides with the first basis.
In this case, every time when Alice thinks she prepared a state in the
{| +45◦〉, | −45◦〉} bases and Bob then measures it in this basis, he will
find the wrong outcome in 50%, yielding a QBER of 25%, which will
be interpreted as the influence of an adversary and thus the key will be
discarded. In fact, any interception by Eve wouldn’t cause any further
QBER because she only has to measure one basis. Yet, Eve doesn’t
know the basis Bob will measure the resent qubit in. Hence the resulting
QBER will remain as high as 25%. However, if Bob’s measurement is
also erroneous the security of device is endangered.
Besides a proper state preparation, the random numbers determin-

ing the basis choice and the state prepared on Alice’s side need to be
generated in a way, such that an eavesdropper can neither predict nor
influence them. As numbers from pseudo random number generators
can be predicted, they cannot be used for a secure QKD setup. That is
why hardware quantum random number generators relying on the laws

12



2.5 SCHEME FOR A HAND-HELD QKD SENDER

of quantum mechanics [26] are needed for QKD applications. Or, as it
is supposed to be said by John von Neumann: “Anyone who considers
arithmetical methods of producing random digits is, of course, in a state
of sin.”

On the receiver side of a QKD setup, detectors sensitive to very weak
intensities are necessary, since the information is encoded on the sin-
gle photon level. For this purpose one has to use avalanche photo
diodes (APDs) which suffer from dark counts and which will detect stray
light from the environment, too. The clicks from an APD produced by
dark counts and background, though, are equally distributed in time.
Contrary to that, clicks occurring from light, which was send from the
QKD transmitter, only appear at distinct time slots. These time slots
are ∆t long and start at times multiple to 1/frep. By accepting only
clicks within these time slots, the chance that a click from dark counts
or background contributes to the measurement becomes small. This also
imposes the generation of sufficiently short pulses on the QKD sender,
since shorter pulse widths ∆t enable a stricter time filtering, and thereby
reduce the effect of background and dark counts. This is important, be-
cause those clicks increase the QBER and thereby limit the available
secure key at the end of the protocol.

2.5 Scheme for a Hand-Held QKD Sender

Subject of this thesis are the characterization and setup of single com-
ponents which are planed to become part of a hand-held QKD sender.
A sketch of the final setup is shown in figure 2.5.
In this scheme, four vertical-cavity surface-emitting lasers (VCSELs),

arranged in an array and used as a light source, are driven to emit light
in faint pulses. VCSELs are well-suited for the application together
with waveguides, since their round emission pattern couples efficiently to
waveguides. In addition they exhibit a good power efficiency and thereby
consume less energy for the same power output. Both properties make
them well suited for a hand-held, portable QKD transmitter. The light
from the VCSELs is focused by a micro-lens array onto the input facets
of one of four waveguides, respectively.
Behind each of the micro-lenses a wire-grid polarizer, consisting of

small gold stripes, is used to prepare the light emitted from each VCSEL
in one of the four polarization states | H〉, | V 〉, | +45◦〉 or | −45◦〉, cor-
responding to the state preparation step in the BB84 protocol.

13



2 THEORETICAL PREREQUISITES

Figure 2.5: A sketch of the planned hand-held QKD sender (electron-
ics not shown). The VCSEL array to the very left is used
to produce short light pulses, which are focused using a
micro-lens array onto the entrance of laser-written waveg-
uides. Behind the lens array wire-grid polarizers are used
to prepare the proper polarization states. The areas where
waveguides are close to each other function as beam split-
ters, in this way they overlap the light from the four diodes
in one spatial mode. One of the central two outputs, con-
taining all the necessary polarizations, is collimated by a
GRIN lens and used for QKD transmission.
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2.5 SCHEME FOR A HAND-HELD QKD SENDER

The waveguides are laser written into a borosilicate glass substrate
and are used to overlap the four polarizations into one indistinguishable
spatial mode. Because for this purpose, the light has to be overlapped in
a way similar to free-space beamsplitters, the waveguides are brought into
close proximity, where energy from one waveguide can be transferred to
another. At the end, all four polarizations needed for the BB84 protocol
are contained in the center two outputs of the integrated optical circuit,
from which one is selected as an output of the QKD transmission and
collimated with a gradient-index (GRIN) lens.

The chapters of this thesis are each dedicated to one of those compo-
nents and characterize their properties, as well as the experiments carried
out with the respective components. Also the electronics designed and
tested as part of this thesis are characterized in a dedicated chapter.
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3 Laser-written Waveguides

Waveguides written with femtosecond laser pulses are a relatively new
kind of optical components, and have gained more and more attention
in the photonics community through the last decade [27–29]. Together
with lithographically produced waveguides, they are often referred to as
integrated optical circuits or integrated quantum gates. Such integrated
optics offer a wide band of applications from single quantum gates [27]
to first quantum simulators [28].

3.1 Manufacturing Process of Laser
Written Waveguides

For the first, time Davis et al. showed in 1996, that a pulsed laser
can permanently increase the index of refraction (IOR) in bulk glass
[30]. They described a technique using an infrared pulsed laser which is
tightly focused into a glass sample. Today it is known that the increase of
the IOR is related to nonlinear absorption processes at high intensities,
which lead to a creation of a free electron plasma. The energy contained
in this plasma is then carried to the material lattice and causes the
increase of the IOR [31]. By scanning a sample relative to the laser
focus, waveguides can be written into a glass, even on three dimensional
paths.
For more information on the fabrication process of laser written waveg-

uides see [32] and its supplementary material, as well as [31].
As the waveguide is written transversal to the incident laser beam and

the focus is slightly elliptic, the resulting waveguide will consequently
have a subtle elliptic cross section, leading to birefringence within the
waveguide. Birefringence causes all polarizations, which do not coincide
with the ordinary or extra-ordinary axis of the waveguide, to be rotated.
Besides laser writing, there are also other techniques to manufac-

ture integrated optics. For example, lithographically produced silica-on-
silicon waveguides are used in [33]. Yet, these waveguides are more com-
plex to produce, since masks are necessary for the lithographic process.
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3 LASER-WRITTEN WAVEGUIDES

In addition these waveguides exhibit a birefringence about one magni-
tude stronger [32]. This is a main drawback, since birefringence destroys
the polarization entanglement of photons used in quantum gates.
Compared with free-space optical components, all of these integrated

optical circuits have the advantage, that their alignment is very robust in
terms of thermal drifts and other influences from the environment. This
robustness makes laser written waveguides well-suited for a hand-held
QKD transmitter, which is carried around a lot and thereby exposed to
many disturbances outside the lab.
All the waveguides used during this thesis were laser written into a

borosilicate glass (EAGLE2000, Corning). Overall four different samples
were produced in the group of Roberto Osellame at the Politecnico di
Milano with different waveguide geometries as depicted in appendix A.
All of the waveguides on these samples are specified to be single-mode
for wavelengths above 808nm.

3.2 Measurements of Birefringence on
Straight Waveguides

As it was noted before, the laser written waveguides exhibit a small bire-
fringence, as a consequence of their elliptic cross section. The effect of
birefringence is that light polarized along two distinct orthogonal axes
within the waveguide experiences two different IORs. These two axes are
named ordinary and extraordinary and define the two IORs no and ne,
respectively. That is to say, an electromagnetic wave, which is polarized
parallel to the ordinary axis | o〉 will “see” the IOR no. A wave, polar-
ized parallel to the extraordinary axis | e〉, however, will “see” the IOR
ne. Hence, the two different waves will propagate with different phase
velocities v(i)

ph = c/ni, where i ∈ {e, o}.
This modified phase velocity will lead to a phase ϕ a wave collects while

propagating through a birefringent medium of length L compared to a
wave in a homogeneous medium: ϕ = 2πnL/λ, where λ is the wavelength
in vacuum and n the IOR in the medium. Further it holds that the phase
difference between an ordinary and an extraordinary polarized wave is
given by:

∆ϕ = ϕe − ϕo =
2π(ne − no)L

λ
=

2π∆nL

λ
. (3.1)

The measure ∆n = ne − n0 is the difference of the IORs and is usually
referred to as birefringence, whereas ∆ϕ is called the phase shift between
the ordinary and extraordinary polarized wave.
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| ψ〉

| o〉

| e〉

| ψ′〉

∆ϕ

Figure 3.1: The influence of a birefringent medium on the state | ψ〉 =
1/
√

2(| o〉+ | e〉) on the Poincaré sphere. Any state will be
rotated around the | e〉-axis by ∆ϕ.

A superposition of the two waves | ψ〉 = α| o〉+β| e〉 with |α|2 + |β|2 =
1, will then collect the phases:

| ψ′〉 = α eiϕo | o〉+ β eiϕe | e〉. (3.2)

As in quantum mechanics global phases have no influence on the mea-
surement outcome, it is possible to add a global phase −ϕo to this su-
perposition:

e−iϕo | ψ′〉 = e−iϕo
(
α eiϕo | o〉+ β eiϕe | e〉

)
= α| o〉+ β ei∆ϕ | e〉. (3.3)

This result is displayed in figure 3.1 on the Poincaré sphere: the
influence of a birefringent medium rotates the initial state | ψ〉 with
α = β = 1/

√
2 around the | e〉-axis by ∆ϕ. In general any state on

the Poincaré sphere will be rotated in such a way due to the birefrin-
gence, except for the states | o〉 and | e〉.

3.2.1 Measurement Setup

The setup used to characterize the birefringence of the waveguides is
shown in figure 3.2. The light from a collimated laser beam with a wave-
length of λ = 848.5 nm was at first prepared in one of the four polariza-
tions, H, V , +45◦ or −45◦ using a polarizer. The λ/2-plate, in front of
the polarizers, was used to adjust the intensity by manipulating the inci-
dent polarization from the laser beam such that a maximal transmission
through the polarizer was found. To guarantee a good preparation of the
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Polarizerλ/2 f = 12 mm Waveguide
Sample Iris PolarimeterIris

x

y

z x

y

z

Figure 3.2: Setup for measuring the birefringence of the waveguides.
The light of a collimated laser beam is prepared in of
the polarization needed for QKD and then coupled into
a waveguide written in a sample of bulk glass. After prop-
agation through the waveguide, the light is collected again
by a microscope objective and finally analyzed using a po-
larimeter. The two irises are used for spatial filtering of
the waveguide mode. The fist λ/2-plate was only used to
adjust the intensity behind the polarizer. For alignment
the waveguide sample and the microscope objective where
both placed on xyz-translation stages.

polarization, the polarizer was inserted right in front of the polarimeter
and then adjusted to the respective polarizations.
The prepared light was then coupled into a straight waveguide, written

inside a sample, and collected by a microscope objective at the end.
For coupling light into the waveguide it is useful, that one can observe
interference between the light going through the waveguide and the stray
light propagating through the bulk glass, yielding elliptical and circular
patterns depending on the displacement between the incident laser beam
and the entrance facet.
Behind the objective two irises were used to avoid stray light, arising

from imperfect coupling or losses during the propagation through the
sample.
The polarization emerging from the end-facet of the waveguide was

then analyzed using a polarimeter. The sample was aligned such that
the ordinary and extraordinary axes of the waveguide coincide with the
horizontal and vertical polarization. The states | ±45◦〉 = 1/

√
2(| H〉 ±

| V 〉) will then be rotated around the H-V -axis on the Poincaré sphere.
From this rotated polarization one can determine the phase shift ∆ϕ and
thereby can make conclusions on the birefringence ∆n using equation
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Sample 2.2 (12.8 mm)

| +45◦〉

| −45◦〉

| V 〉

| H〉

| R〉

| L〉 ∆ϕ = 151◦

∆ϕ = 149◦

Sample 2.4 (19.7 mm)

| +45◦〉

| −45◦〉

| V 〉

| H〉

| R〉

| L〉

∆ϕ = 18◦
∆ϕ = 17◦

Figure 3.3: The red arrows represent the output polarizations on the
Poincaré sphere, as measured with the polarimeter for both
samples. The horizontal and vertical polarizations are not
rotated, whereas the ±45◦ polarizations are rotated with
the phase shift indicated beneath the red arrows. The
dashed arrows indicate the rotation direction.

(3.1).
However, there is no unique solution for ∆n as multiples of 2π in ∆φ

cannot be resolved, because a phase shift corresponding to a full rotation
will result in the same polarization again.
To additionally reveal a possible dependence of ∆n on the wavelength,

a different laser was used to measure the phase shift for different wave-
lengths. Since ∆ϕ is a function of λ, such a measurement also allows for
conclusions on ∆n and especially on the dispersion d∆n/dλ.

For mounting the samples on the xyz-translation stage, a sample holder
was designed which is drawn in appendix B.

3.2.2 Birefringence Measurements

The birefringence of the waveguides was measured at the wavelength
λ = 848.5 nm for two samples with different length. Therefore Sample
2.2 with a length of 12.8mm and sample 2.4 with a length of 19.7mm
were inserted into the setup as depicted in figure 3.2.
For both samples the four input polarizations | H〉, | V 〉, | +45◦〉 and
| −45◦〉 where coupled into the straight waveguide on the sample and
analyzed after the microscope objective using the polarimeter.
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Figure 3.4: The phase shifts measured for both samples. The measured
values for both samples are depicted with crosses, while the
solid lines show the phase shift as a function of the sample
length. These curves where fitted to the measured values
to yield the values for the birefringence ∆n.

The polarizations measured at the output of the waveguide are shown
in figure 3.3 on the Poincaré sphere. In principle the opposite rotation
direction would also be conceivable, because the measurement at the
output only yields an absolute polarization, which also can be obtained
by a counter clockwise rotation in figure 3.3 of an angle of 360◦ − ∆ϕ.
However, the analysis of the phase shift found with the opposite rotation
direction, yielded no reasonable results for the birefringence ∆n, with
respect to the second measurements mentioned before, using different
wavelengths and the value for ∆n = 7 · 10−5 measured by the group of
Roberto Osellame for a wavelength of 808nm.
The phase shifts depicted on the Poincaré sphere are drawn again in

figure 3.4 as a function of the sample length L. To find a value for ∆n
the model function

∆ϕ =
360◦ ·∆n · L

λ
mod 360◦, (3.4)

was used, and the birefringence ∆n was optimized with least square fit-
ting. Here, L is the length of the waveguides and λ = 848.5 nm the
wavelength of the used laser diode. The modulo of 360◦ is necessary be-
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cause, as said before, any rotation of 360◦ results in the same polarization
again.
With this method a birefringence of ∆n = 9.4 · 10−5 was found for

sample 2.2. For sample 2.4 the birefringence was determined to be ∆n =
8.85 · 10−5.
The depicted solutions assume one and two full revolutions of the

phase shift in the waveguides, respectively. In principle, values of ∆n
resulting in no or multiple 2π revolutions are compatible with the mea-
surements, however they are yielding values for ∆n, incompatible with
the measurement of the group of Roberto Osellame.
It should be stated that polarization rotations caused by birefringence

are not a severe issue, when it comes to the efficiency of a future QKD
transmitter. As long as the resulting output polarizations still confine
an angle of 90◦ on the Poincaré sphere, the rotations can be compen-
sated by the use of quarter- and half-wave plates at any point in the
quantum channel. These measurements also confirm that it is possible
to couple the four different polarizations into a straight waveguide, while
preserving their relative angle on the Poincaré sphere.

3.2.3 Depolarization in the Sample

Birefringence causes different phase velocities. This often goes hand in
hand with different group velocities, which are given by the dispersion
∂n/∂λ of the IOR:

v(i)
gr = v

(i)
ph(1 +

λ

n i

∂ni
∂λ

). (3.5)

The group velocity is the speed with which a wave packet or light pulse
travels through a medium. If a horizontally polarized pulse travels faster
or slower then a vertically polarized one, a delay between those two pulses
will become notable. Since those delays can differ strongly for | H〉 and
| V 〉, or for | e〉 and | o〉 respectively, the two polarizations could be
distinguished by means of their timing. This problem, however, can be
solved by adapting the timing of the electronics producing the pulses.
The much more precarious problem is that in birefringent media depo-

larization can occur if the delay L/∆vgr between | H〉 and | V 〉 is larger
then the coherence time Tc. In this case, the density matrix of a pure
+45◦ polarization state | +45◦〉 = 1/

√
2(| H〉+ | V 〉) in the eigenbasis of

σz

ρ = | +45◦〉〈+45◦ | =

(
1
2

1
2

1
2

1
2

)
, (3.6)
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will transform into a maximally mixed state

ρ =

(
1
2

0

0 1
2

)
, (3.7)

which represents an ensemble of states with 50% horizontally and 50%
vertically polarized light. This, of course, spoils the complete QKD pro-
tocol: whenever Bob measures in the ±45◦ basis, he will only find the
right outcome in half of the cases, since he is either measuring | H〉
or | V 〉 in the ±45◦ basis. This would produce the same QBER as an
eavesdropper would do.
If the delay is smaller than the coherence time, but not zero, the

resulting state will be somewhere between the fully mixed and the pure
state. The degree of this mixture can be expressed via the DOP. The
DOP gives the percentage of the light which is perfectly polarized. This
means that, if one analyzes light with a DOP of 95% using a perfect
polarizer, half of the unpolarized optical power, i.e. 2.5%, will always be
transmitted, no matter how the polarizer is oriented (see section 2.3).
This depolarization effect was first noticed, during measurements on

the waveguides when rather low DOPs (< 90%) appeared for the polar-
izations at the outputs of the waveguides. The use of a light source with
a narrower bandwidth, and better spatial filtering using a second iris in
the setup (fig. 3.2) solved this problem and increased the DOP to values
> 99%. Therefore it is conceivable, that the depolarization emerges due
to different group velocities and stray light. Stray light, which is not
coupled into the waveguide at the entrance facets or is lost during the
propagation from the containing geometry, collects phases different from
guided light, and thereby leads to the second type of depolarization. De-
polarization occurring because of a difference in the group velocities, is
reduced by using light sources with a narrow bandwidth, since a narrower
bandwidth yields a higher coherence time.
To find a quantitative statement for the depolarization a laser with

a narrow bandwidth of approximately 0.2 nm full width half maximum
(FWHM) was coupled into the sample and his central wavelength was
scanned by modulating the diode current. Figure 3.5 shows the spectra
for the minimal and maximal current applied to the laser diode. It can
be seen that an overall scanning range of about 6 nm was achieved by
modulating the current from 40mA to 185mA.
The phase shift found for different wavelengths is shown in figure 3.6.

It is obvious that the measured phase shift ∆ϕ for different wavelengths
shows a steeper slope than it is expected for a constant birefringence of
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Figure 3.5: Two spectra of the narrow bandwidth laser used to measure
the depolarization. An overall scanning range of approxi-
mately 6 nm was achieved. The points show the measured
data from a spectrometer and the solid lines are fits to that
data, with a fixed width of 0.2 nm. The resolution of the
spectrometer is 0.13 nm/pixel.
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Figure 3.6: The rotation of the output polarization with respect to the
central wavelength. The blue line shows the best fit with a
constant dispersion for ∆n. The green curves corresponds
to the constant birefringence found in the previous section,
where no dispersion d∆n

dλ = 0 was assumed. The error bars
depict the measuring inaccuracy of the used spectrometer
and the polarimeter.

∆n = 8.85 · 10−5. This difference can be explained, if one also assumes
a dispersion for the birefringence, i.e. ∆n = ∆n(λ). Therefore, the best
fit to the data, where a linear dependence of ∆n on λ was assumed, is
also shown in figure 3.6. The function for the linear dependence of ∆n
is given by

∆n = ∆n0 +
d∆n

dλ
· (λ− λ0), (3.8)

where ∆n0 = 8.85 · 10−5 and λ0 = 848.5 nm. Together with equation
(3.1), one finds for the phase shift

∆ϕ(λ) =
360◦ · L

λ
·
(

∆n0 +
d∆n

dλ
· (λ− λ0)

)
, (3.9)

here the phase shift is now expressed in degree and the length is L =
19.7mm as this experiment was carried out with sample 2.4.
If one fits this function via d∆n/dλ one finds the best fit for

d∆n

dλ
= −0.02 · 10−5 1

nm
. (3.10)
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The slope of this function, given in (3.9), at λ0 can be found to be

d∆ϕ

dλ

∣∣∣∣
λ=λ0

= −360◦ ·∆n0 · L
λ2

0

+
360◦ · L
λ0

· d∆n

dλ
. (3.11)

With the same values as before this evaluates to

d∆ϕ

λ

∣∣∣∣
λ=λ0

≈ 2.5◦

nm
, (3.12)

meaning that parts of the spectrum which are 1 nm away from the cen-
tral wavelength will collect a phase shift of 2.5◦ relative to the central
wavelength.

Since this value determines an upper bound for the spectral width of
a light source needed to produce a certain DOP at the output of the
waveguides, it is necessary to find the DOP as a function of the spectral
FWHM.
For this purpose one regards the output polarization of light with a

wavelength different to the central wavelength of the light source. Due to
the fact, that a different phase shift will lead to a different polarization,
this polarization is

1

2

d∆ϕ

dλ
· (λ− λ0) =

1.25◦

nm
· (λ− λ0) (3.13)

rotated relative to the polarization of the central wavelength λ0. The
factor 1/2 occurs due to the fact that the angle on the Poincaré sphere
is the double of the angle in the polarization space.
By assuming a Gaussian intensity profile for the spectrum of a light

source,

I(λ, σ) =
1√
2πσ

e−
(λ−λ0)

2

2σ2 , (3.14)

one can define a fraction of the intensity that will be transmitted by a
polarizer orthogonal to the polarization of the central wavelength.
The amount A of light polarized in any direction and transmitted

through a polarizer is proportional to cos2(α), where α is the angle be-
tween the polarization of the light and the orientation of the polarizer. As
a consequence from that, the amount of light with a Gaussian spectrum,
which is transmitted through a polarizer orthogonal to the polarization
of the central wavelength is given by

A

(
σ,
d∆ϕ

dλ

)
=

∫ ∞
−∞

I(λ, σ) · cos2

(
1

2

d∆ϕ

dλ
· (λ− λ0)

)
dλ, (3.15)
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Figure 3.7: The calculated DOP of light at the output of the laser writ-
ten waveguide. It is shown that the DOP decreases with
the FWHM of the spectral distribution of a light source.

what evaluates to

A

(
σ,
d∆ϕ

dλ

)
=

1

2

(
1− exp

(
−1

2

(
d∆ϕ

dλ

)2

σ2

))
. (3.16)

However, according to section 2.3 the amount going through the or-
thogonally oriented polarizer, is equal to half of the unpolarized fraction
in the light and thereby for the DOP follows

DOP = 1− 2 · A
(
σ,
d∆ϕ

dλ

)
= exp

(
−1

2

(
d∆ϕ

dλ

)2

σ2

)
. (3.17)

A plot of this result can be seen in figure 3.7, where σ was substituted
with the FWHM (FWHM = 2

√
2 ln 2 · σ, for Gaussian distributions)

and the previous found value for d∆ϕ/dλ = 2.5◦/nm was inserted.
As a final result one can find the maximal FWHM of a spectrum which

will correspond to a DOP of 1− ε:

FWHM <
2
√

2 ln 2

d∆ϕ/dλ

√
−2 ln(1− ε). (3.18)

E.g., for an ε of 0.01, i.e. a loss of DOP of 1%, the FWHM of the light
sources spectrum must be smaller than 7.3 nm. This result determines an
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upper bound for the bandwidth of the light sources used together with
the laser written waveguides. The favored light sources are VCSELs
which are characterized in the following chapter.

3.3 Measurements on Directional Couplers

The final waveguide structures required for the QKD sender are three
integrated beam splitters (BSs) which overlap the light from four different
diodes. Each BS is realized by writing the waveguides on paths, where
they are brought in close proximity to each other on small path segments,
like shown in figure 2.5.
Such an integrated BS relies on the fact that every mode confined in

a waveguide reaches out beyond the confining geometry, since an elec-
tromagnetic field has to be steady at any point in space, also at borders
between two different IORs. This field outside a waveguide is called
evanescent and exponentially decays with the distance to the guiding
structure.
If two waveguides are brought close to each other, their evanescent

fields overlap, or even reach inside the guiding structure of the other
waveguide. Through this coupling of the evanescent fields of two waveg-
uides in close proximity, the energy can traverse from one waveguide to
the other. This can be calculated with the help of the coupled-mode
theory[34, 35].

All the measurements described in this section were performed on
waveguides with one directional coupler, i.e. two inputs and two out-
puts. In the final scheme, depicted in figure 2.5, three BSs are used to
overlap the light from four diodes.

3.3.1 Splitting Ratio

As a first step the splitting ratios of the integrated BS was measured for
different input polarizations, using the same setup as for the measure-
ments on straight waveguides, but with one variation. Light was coupled
into one input of the BS as depicted in figure 3.8. Instead of measuring
the polarization, an iris was used to successively filter one of the two
output modes at a time. The power in these modes was then measured
using a powermeter.
In a second step both outputs where imaged on a linear camera (Beamage-

CCD23, Gentec) simultaneously, using the microscope objective. The
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I1 O1

O2

Figure 3.8: Definition of the in and outputs for the directional coupler.
With the previous setup, light was coupled into one of the
two inputs of an integrated BS Ii. The “transmitted” out-
put is named O1 and the “reflected” output is named O2.

Figure 3.9: The two output modes of a directional coupler imaged with
a linear camera. On the left side the output O1 is visible
and on the right side the output O2. The bar indicates the
color coding of the intensity from 0 at the bottom to 1 at
the top.

pixel values of the two modes where then integrated over the same area
and their mean values were compared to each other. A color coded pic-
ture of the two output modes of the BS can be seen in figure 3.9.
Both methods yielded very similar power spliting ratios as shown in

table 3.1. The table shows the optical powers measured in the two out-
puts P1 and P2 for the respective outputs O1 and O2, as well as the mean
pixel valuesM1 andM2 for the measurement using the linear camera. In
both cases it became obvious that the directional coupler has a splitting
ratio of approximately 2 : 3 for horizontally polarized light and 1 : 1 for
vertical polarization.

Since two of the polarization states used for QKD, namely | +45◦〉 and
| −45◦〉 are superpositions of | H〉 and | V 〉 and the splitting ratio for the
horizontal polarization is different from the splitting ratio for | V 〉, one
expects a change of those two polarization in the equatorial plane of the
Poincaré sphere. The light in the first output O1 will get closer to the
horizontal axis and in the second output O2 it will be changed towards
the vertical axis. This can be seen by easy vector addition as depicted
in figure 3.10, where the | H〉 component of | ±45◦〉 becomes weaker
relative to | V 〉, hence changes the polarization towards the vertical axis.
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Powermeter Camera
Polarization P1 P2 Ratio M1 M2 Ratio

H 7.62 µW 5.16 µW 1.48 14.817 10.308 1.44

V 10.92 µW 11.21 µW 0.97 15.032 15.277 0.98

+ 9.1 µW 7.82 µW 1.16 15.058 13.117 1.15

− 9.58 µW 8.66 µW 1.11 15.399 14.217 1.08

Table 3.1: Results for the splitting ratio measured with a powermeter
and a camera. P1 and P2 represent the output powers in
output O1 and O2, respectively. Analogously, M1 and M2

denote the mean pixel value on the camera.

Of course such a modified polarization, being essentially an imperfect
state preparation, will increase the QBER measured on Bob’s side and
thereby shorten the key length. In addition, the security of the device
is endangered, if one is not aware of this erroneous state preparation
[36]. This is why it is important to know how exactly the polarization is
modified, to be able to compensate for that.

The discrete change of the polarization caused by such a BS can be
calculated in the following way, where a splitting ratio of 1 : 1 for vertical
polarization and 2 : 3 for horizontal polarization was assumed.
The +45◦ polarization state is defined as | +45◦〉 = 1/

√
2| H〉+1/

√
2| V 〉.

This state will be changed at the second output O2 to

| +45◦′〉 =
1

N

(√
2

5

1√
2
| H〉+

1√
2

1√
2
| V 〉

)
, (3.19)

where the amplitudes corresponding to the respective splitting ratio are
inserted. This state yields an output polarization α′ of

α′ = tan−1

 1√
2

1√
2√

2
5

1√
2

 = tan−1

(√
10

2
√

2

)
= 48.19◦. (3.20)

Note that for the coefficients used here, the square roots of the split-
ting ratios enter, as the intensity is proportional to the square of the
field strength. Furthermore the re-normalization of the state in equation
(3.19) has be neglected. This is feasible because in equation (3.20) only
the ratio of the coefficients matters, any normalization would cancel out.
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Figure 3.10: Change of the ±45◦ polarization due to different splitting
ratios for H and V polarization. The resulting polariza-
tions | ±45◦′〉 are modified towards | V 〉 in O2, because
the horizontal polarization gets weaker relative to | V 〉.

With that the expected polarization is changed by approximately 3.2◦

towards the vertical axis. Due to symmetry reasons, this also holds for
the −45◦ polarization, which is changed to −48.19◦. For the first output
O1 one would expect, with the analog calculation, a change of −2.6◦ to
a polarization of 42.39◦. As discussed before this polarization in O1 is
closer to | H〉 which has a polarization angle of 0◦.

This imperfect state preparation can be corrected by preparing the in-
put polarization α such that the rotation occurring at the BS will change
the output polarization α′ to an azimuth angle of ±45◦. Due to the bire-
fringence, though, it is impossible to find a linear polarization which
results in ±45◦ polarized light at the outputs of the waveguides. How-
ever it is sufficient to find polarizations, which, both become polarized
conjugate to the H − V axis at the output (fig. 3.11).
To determine such an input state, one starts with the most general

linear state | ψ〉 = cos(α)| H〉+ sin(α)| V 〉 and finds with similar calcu-
lations as before the polarization angle α′ at the output,

α′ = tan−1

 1√
2

sin(α)√
2
5

cos(α)

 = tan−1

(√
5 sin(α)

2 cos(α)

)
. (3.21)

Setting α′ = 45◦ and solving for α then yields the proper input po-
larization: α = 41.8◦ for the output O2. For output O1 one finds with
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| +45◦〉

| −45◦〉

| V 〉

| H〉

| R〉

| L〉

Figure 3.11: The four states sufficient for a QKD. The ±45◦ polar-
izations are rotated due to birefringence, yet they are or-
thogonal to the H − V axis.

the same calculation an input polarization of α = 47.6◦. One can see
that those input polarizations are changed by the exact same angle as
the wrong output polarizations found by equation (3.20), only the direc-
tion is inverted. Again those values also hold for the | −45◦〉 state for
symmetry arguments.

Yet, besides the asymmetric splitting ratio, a second effect arising in
laser-written waveguides has also an influence on the output polariza-
tions, as discussed in the following section.

3.3.2 Measurement of Polarization Dependent
Bending Losses

Because the waveguides have to be brought in close proximity to work
as directional couplers, they have to follow a curved path. In these
segments power is lost from the guided mode into the bulk glass. Again
as a consequence of the birefringence, the loss in curved parts of the
waveguides is dependent on the polarization of the light. This can be seen
in figure 3.12, where the bending losses for horizontally and vertically
polarized light is depicted for different bending radii.
This issue becomes very important, as higher losses for | H〉 than for
| V 〉 will again result in a change of the ±45◦ polarizations. However
now, since the loss is always higher for | H〉, the resulting polarization is
nearer to | V 〉 in both outputs.
The directional couplers used in this thesis are written with a bending
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Figure 3.12: Bending losses in dB/cm for different bending radii and
polarizations. The horizontal and vertical polarizations
agree with the ordinary and extraordinary axes of the
waveguide. The curves were supported by the group of
Roberto Osellame.

radius of 3 cm and exhibit a bending loss of 4.58 dB/cm for vertically
and 8.85 dB/cm for horizontally polarized light.
Thus, for a proper analysis of the bending loss, it is necessary to know

the length of the curved path. This length, every photon has to travel,
can be calculated as two times the path, depicted in red in figure 3.13,
which consists of two circular segments. The bending radius of the used
directional coupler is R = 3 cm and they start with a pitch of 250µm,
coming as close as 7µm to each other. Therefore the distance the two
circular segments have to bridge is (250 − 7)/2µm = 121.5µm. With
that the y-coordinate of the lower circle in figure 3.13 can be calculated
by y = −2 · 3 cm + 121.5µm = −59878.5µm. In a last step the angle γ
is found to be

γ =
π

2
− sin−1

(
59878.5µm− 121.5µm

6 cm

)
= 63.65 mrad. (3.22)

Therefore, the length of the curved part in the BS is l = 4·γ·R ≈ 7.64 mm
and consequently the bending losses for the two polarization are

LV = 4.58 dB/cm · 7.64 mm = 3.50 dB, (3.23)
LH = 8.85 dB/cm · 7.64 mm = 6.76 dB. (3.24)
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Figure 3.13: The length of the curved parts of the waveguides can be
calculated from their geometry. The waveguides start
with a distance of 250µm and come as close as 7µm.
That means one combination of left and right curvature
bridges a distance of 121.5µm in y-direction.

This result can now be used to calculate the expected output polar-
ization for a +45◦ input polarization. The analogue to equation (3.19),
in this case, would be:

| +45◦′〉 =
√

10−0.676
1√
2
| H〉+

√
10−0.350

1√
2
| V 〉. (3.25)

Together with equation (3.20) one finds an output polarization angle
α′ = 55.52◦ and a suited input polarization of α = 34.48◦. Both values
are about 3 times further apart to the +45◦ polarization, than the values
calculated for the polarization dependent splitting ratios.

Yet, the influence of bending losses and the asymmetric splitting ratio
cannot be treated separately, as both effects emerge at the same time in
a directional coupler. That is why the two effects have to be regarded
simultaneously and both have to be combined:

| +45◦′〉 =

√
3

5

√
10−0.676

1√
2
| H〉+

1√
2

√
10−0.350

1√
2
| V 〉 (3.26)

for output O1 and

| +45◦′〉 =

√
2

5

√
10−0.676

1√
2
| H〉+

1√
2

√
10−0.350

1√
2
| V 〉 (3.27)
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+45◦ Splitting Ratio Bending Loss Combined Measurement

α′ α α′ α α′ α α′ α

O1 42.4◦ 47.6◦ 55.5◦ 34.5◦ 53.0◦ 37.0◦ 51◦ 42◦

O2 48.2◦ 41.8◦ 55.5◦ 34.5◦ 58.4◦ 31.6◦ 56◦ 38◦

−45◦ Splitting Ratio Bending Loss Combined Measurement

α′ α α′ α α′ α α′ α

O1 −42.4◦ −47.6◦ −55.5◦ −34.5◦ −53.0◦ −37.0◦ −53◦ −38◦

O2 −48.2◦ −41.8◦ −55.5◦ −34.5◦ −58.4◦ −31.6◦ −60◦ −30◦

Table 3.2: The summarized results for the rotations induced by an
asymmetric splitting ratio and bending losses for ±45◦ po-
larized light. Denoted as α′ is the output polarization with
an input polarization of ±45◦, α is the input polarization
necessary to produce the desired output polarization of an
azimuth angle of ±45◦.

for output O2. This combined state yields α′1 = 53.04◦ and α1 = 36.96◦

for the first output as well as α′2 = 58.43◦ and α2 = 31.57◦ for the second.
A summery of the calculations for the influence of the asymmetric

splitting ratio and bending losses can be found in table 3.2, where the
respective output polarizations α′ for a ±45◦ input polarization is shown,
as well as the input polarizations α needed to produce the desired output
polarization with an azimuth angle of Φ = ±45◦.
This calculated values could be verified for −45◦ polarization, by using

the setup shown in figure 3.2. Yet, here the polarizer was used to prepare
the laser light in a horizontal polarization and a λ/2-plate was used
behind the polarizer to adjust the input polarization to ±45◦ or such
that this polarization is found at the output. With this polarization an
α1 = −38◦ and an α′1 = −53◦ was measured for output O1. For the
second output an α2 = −30◦ and α′2 = −60◦ was found. These values
found for the −45◦ polarization match the calculated values within ±2◦

accuracy.
The measurements of the +45◦ polarization yielded, with α1 = 42◦ and

α′1 = 51◦ for the first and α2 = 38◦, α′2 = 56◦ for second output, results
with less agreement to the expected polarizations. In the worst case α2

deviates more then 6◦ from the predicted value. Nevertheless, the values
for the +45◦ polarization still show the right qualitative behavior.
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3.3 MEASUREMENTS ON DIRECTIONAL COUPLERS

One possible explanation for the poorer agreement in the +45◦ case
could be that, the rotation of the λ/2-plate misaligned the laser beam
relative to the waveguide, and thereby the coupling for this polarization
was not as good as for the −45◦ polarizations. Another possible expla-
nation is, that the values for the bending loss and the splitting ratios
differ slightly from those used for the calculations, and thereby the true
rotation angle lies between the measured data for +45◦ and −45◦.

Yet, the experiment described here proves that an input polarization
α can be found and produced with linear polarizers in front of the waveg-
uides, which yield output polarizations suitable for QKD.

37



38



4 Vertical Cavity Surface
Emitting Lasers

This chapter is dedicated to the VCSELs [37] used as a light source for
the planned hand-held QKD sender. VCSELs are a relatively new kind
of laser diodes, which were first described in 1979 [38]. They use exactly
like conventional edge-emitting laser diodes (EELs) the recombination
processes between electrons and electron holes, which emerge at band
gaps between p- and n-doped semiconductors. Nevertheless, the struc-
tural configuration of VCSELs is much different from EELs, what leads
to different properties.
In the following sections those differences, together with the charac-

teristics of the VCSELs tested here for the future QKD sender, will be
discussed.
All the experiments presented in this chapter were measured using

the test-electronics, built for the characterization of VCSEL driver chips
which is described in chapter 5. The electronics can apply two different
currents to the VCSELs. The so called bias current is a continuous part
running all the time through the diode, whereas the modulation current
is additionally applied for short times. In this way a VCSEL can be
driven to emit light continuously as well as in short light pulses.

4.1 VCSEL Semiconductor Structure and
Differences to EELs

The structure of a conventional EEL is depicted in figure 4.1. The active
region of an EEL, where the recombination process is taking place, is
located between a p- and an n-doped epitaxial layer. The cleaving edges
of the crystal act as a Fabry-Pérot mirrors and form the cavity around
the active region which amplifies the light. Since the active region is
not radially symmetric with respect to the propagation direction of the
emitted light, the emission pattern of an EEL is strongly elliptic.
In comparison to that, the schematic of a VCSEL is shown in figure
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4 VERTICAL CAVITY SURFACE EMITTING LASERS

Figure 4.1: Structure of an EEL. The active region is located between
two epitaxial layers. Light is emitted through the edge
of the active region. The whole structure is placed on a
substrate and a top contact is used to inject currents to
the EEL. Picture analog to [37] p. 23.

Figure 4.2: The active region of a VCSEL is positioned between p- and
n-doped Bragg reflectors, which serve as a cavity. This
structure is grown epitaxialy, by adding layers of different
semiconductors with high and low IOR. Picture analog to
[37] p. 23.
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4.2 TEMPERATURE DEPENDENCE OF SPECTRUM

4.2. Although the semiconductor structure of VCSELs is the same as
for EELs, in VCSELs, the doped semiconductors also take over the ad-
ditional task of serving as the cavity. The p- and n-doped regions of a
VCSEL are built in layers, exhibiting high and low IORs in alternating
order. The thickness of these layers is matched to a quarter of the emis-
sion wavelength and thereby they form a Bragg reflector, which is much
shorter than the cavity in EELs.
A characteristic property of all laser diodes is the threshold current,

above which the optical power emitted from the diode suddenly increases.
Above this current one describes a laser diode as “lasing”. The current
flow through the active region in a VCSEL is confined to a small di-
ameter in the middle by, e.g., introducing an oxidized layer with high
resistance [39] with an aperture in the middle. Thereby the active diam-
eter of VCSELs can be defined, what leads to very low threshold currents
compared to EELs.
Another difference to EELs is shown in the emission pattern of a

VCSEL. As the active region is symmetric with respect to the beam
axes, the mode emitted is circular and therefore couples better to fibers
than EELs do. This property makes the use of VCSELs together with
the integrated optics preferential.
Except for the measurements described in section 4.2, all experiments

described in this chapter were carried out using the VCSEL array V25-
850C4 distributed by VI Systems.

4.2 Temperature Dependence of Spectrum

Due to the very short cavity used in a VCSEL and the fact that the
free spectral range of an optical resonator is inversely proportional to
its length, the emitted wavelength of a VCSEL is mainly defined by the
cavity. Contrary to that, EELs exhibit a much bigger cavity and thereby
a smaller free spectral range. This means, that the number of possible
modes, a EEL can lase in, is higher for the same bandwidth. Thereby a
temperature induced shift of the gain peak in EELs will strongly change
the emitted wavelength.
Because a QKD receiver will always need tight spectral filtering to

minimize background from wavelengths different to the wavelength the
transmitter uses to encode the qubits, it has to be ensured that the
light source emits on a specific wavelength, even if exposed to different
temperatures.
This is why the temperature dependence of a VCSEL was compared
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Figure 4.3: The temperature dependence of the spectrum of a VCSEL
and an EEL compared. It can be seen that the temperature
dependence of VCSELs is much weaker. The solid lines
represent linear fits to the measured data, where slopes of
0.45 nm/K and 0.08 nm/K were found, respectively.

to an EEL by placing them in a diode mount featuring a small thermo-
electrical element to control the temperature inside the mount. The light
was then coupled into a spectrometer to analyze the temperature induced
wavelength shift. As the cavity of VCSELs is very short, the effects from
varying temperatures are expected to be rather small. Typical values
for the variation of the wavelength in dependence of the temperature are
∂λ/∂T ≈ 0.07 nm/K [37].

For this measurement a VCSEL distributed by Roithner Lasertechnik
(PM85-D1P0U) was used, since it is supported in a fitting package for
the diode mount.

The results can be seen in figure 4.3. It is evident that the temperature
dependence of the wavelength for the VCSEL is much weaker than for
conventional EELs. The respective slopes of the linear fits, represented
by the solid lines, are 0.45 nm/K for the EEL and 0.08 nm/K for the
VCSEL.
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Figure 4.4: The measured spectrum and best-fit curves of two VCSELs
from two different VCSEL arrays. The gray area shows the
overlap between the two fitted curves of 32%. The curves
and the data points are normalized.

4.3 Spectrum of the VCSEL Array

In chapter 2, the importance of the spectral indistinguishability between
the four different laser diodes was emphasized. Any spectral aberration
between the four laser diodes would enable an eavesdropper to distin-
guish the four laser diodes from each other, which then can be used to
determine the key Alice and Bob exchanged without influence on the
QBER.
To guarantee the security of a QKD device one has to ensure that

this side channel is closed. For this purpose, one would have to compare
the spectrum of all four diodes on one array, as it is used in the future
transmitter. However this was not possible, since a successful bonding of
more than one diode per array has not been achieved, at a time. Yet, for
getting a first intuition of the spectra, two VCSELs from two different
arrays were coupled into a spectrometer. Both diodes were operated at
a bias current just above the threshold and the results were fitted by two
Gaussian distributions, as shown in figure 4.4. Although the commonly
accepted model function for laser diode spectra is the Voigt profile, the
Gaussian profiles, here, also show a relatively good agreement to the
data and make the FWHM comparable to the calculations from section
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3.2.3. As a measure for the indistinguishability of the two diodes, the
overlap of those two curves was calculated. The value of 32% found does
surely not cope with the requirements for a secure QKD transmitter.
Nevertheless, as the spectra were taken from two different arrays, which
are not guaranteed to be grown on the same wafer, one can hope that
spectra of VCSELs from the same array are in better agreement.
The measurement of only two VCSEL spectra is surely not enough

for a sustained statement on the variance of the spectral distributions
among different VCSELs. Therefore further measurements are necessary,
especially on VCSELs on the same array and therefore grown on the same
wafer.

Another requirement for the spectrum of the VCSELs, was mentioned
in the previous chapter. Because the birefringence in the waveguides
causes depolarization of the light depending on the spectral width, it is
mandatory for the light source to have a sufficiently narrow bandwidth.
In section 3.2.3 it was calculated, that a spectral bandwidth smaller than
7.3 nm causes a loss in DOP of less than 1%. The spectra shown in figure
4.4 are well below this value. However, one expects a spectral broadening
for VCSELs in pulsed operation. This effect occurs, since the different
driving currents during a pulse are probable to excite different modes of
the VCSEL which emit light on different wavelengths.
The spectrum for the same VCSEL as shown before, depicted in red,

is displayed in figure 4.5, where a minimal bias current of approximately
50µA [40], well below the threshold, and a maximal modulation current
of 12mA was applied, with a duty cycle of 10% and a repetition rate of
100MHz. The spectrum in pulsed mode can be found to be about two
times broader than in continuous operation and is red shifted by about
1.1 nm. Nevertheless the FWHM of the spectrum is still well below the
required 7.3 nm, calculated in chapter 3.

4.4 Degree of Polarization

The state preparation in the schematic described in section 2.5 is imple-
mented by the use of polarizers, which prepare a pure polarization state,
however at the expense of optical power. This power loss at a polarizer
depends on the relative orientation between the incident polarization
and the polarizer. In the case where the VCSEL emits light perfectly
polarized orthogonal to the polarizer, no light at all will be transmitted
through the polarizer. Contrary, the complete light will be transmitted
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Figure 4.5: The spectrum of the same VCSEL as before also depicted in
red, however, now driven in pulsed mode. The broadening
of the spectrum is clearly visible.

if it is polarized along the polarizer’s axis. According to chapter 2.3, half
of any unpolarized fraction will always be transmitted, no matter how
the polarizer is oriented.
The state preparation in the future QKD transmitter is realized by

four different polarizers, each oriented to prepare one of the four states
| H〉, | V 〉, | +45◦〉 or | −45◦〉, respectively. This kind of state prepara-
tion has been used in earlier transmitters, however always in combination
with conventional EELs. Since EELs are not symmetrical with respect to
the emission direction, they show a high polarization with fixed orienta-
tions. Therefore EELs can be oriented such that intensity fluctuations,
occurring from the state preparation using polarizers, can be avoided.
Contrary to that VCSELs are symmetric with respect to the emitted
laser beam, thereby they emit light in an unpredictable polarization or
are not polarized at all. This is why intensity fluctuations between the
four polarization states become possible.
Since intensity fluctuations change the mean photon number per pulse

µ, which can enable an eavesdropper to distinguish between the four
diodes and the possibility to adjust the intensities electronically is lim-
ited, the DOP becomes a decisive measure for the applicability of the
VCSELs in a QKD scenario. The optimal value of the DOP would be
DOP = 0%, where in all polarizations half of the intensity could be found
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VCSEL f = 12 mm

VCSEL Driver
Electronics
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Figure 4.6: The setup used for measuring the DOP. The VCSEL can
be operated either in pulsed or continuous mode. The light
emitted is then collected by a lens and passes an optional
λ/4-plate and a polarizer. The transmitted photons are
counted using an APD module together with a counter. An
neutral density filter (ND) was used to avoid saturation of
the APD.

behind the polarizers.
Figure 4.6 shows the setup used to determine the DOP of the VCSELs.

The light from one VCSEL was collected by an aspheric lens and, after
a polarizer, coupled into a multi-mode fiber connected to an APD mod-
ule. To analyze the light in all three directions of the Stokes vector,
the polarizer was rotated to ±45◦, H and V . A quarter waveplate was
inserted, used together with the polarizer to analyze the light in the cir-
cular basis and a neutral density filter (ND) prevented the APD from
saturating. The electronics can be used to drive the VCSEL with a con-
tinuous current as well as with short pulses. The DOP was analyzed for
three different currents and in pulsed operation.
With the counts ci being measured for the projection on one of the

six polarizations during a time of 25 s, i ∈ {H,V,R, L,+,−}, the four
stokes parameters are defined as follows:

S0 = (cH + cV + c+ + c− + cR + cL)/3, (4.1)
S1 = cH − cV , (4.2)
S2 = c+ − c−, (4.3)
S3 = cR − cL, (4.4)

where the intensity S0 is averaged over the three measurement bases.
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Figure 4.7: The results of the DOP measurements at different currents
and during pulsed operation. The normalized values Si/S0

for the stokes parameters are given at the respective axes.

The DOP is then given by

DOP =

√
S2

1 + S2
2 + S2

3

S0

. (4.5)

The results found are illustrated on the Poincaré sphere in figure 4.7,
where the values of the Stokes parameters were normalized, to S0 = 1,
i.e. Si was substituted by Si/S0. It can be seen that the DOP increases
very fast from 51% to 88% between the currents from 1mA to 2mA. A
further increase of the current to 3mA yielded nearly the same DOP of
89%. This high values would be rather bad for a state preparation using
polarizers, because the polarization would cause intensity deviations on
the orthogonal states in the two bases used for QKD. Nevertheless,
the DOP decreases dramatically in pulsed operation to only 7%. This
effect can again be explained by different modes of the VCSEL occurring
at different currents, which lase at different polarizations. The future
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Figure 4.8: The pulses of one VCSEL, time resolved for the projections
on the four different polarizations in the equatorial plane
of the Poincaré sphere.

task of the VCSELs in the QKD sender is to produce light in pulses
of approximately 1 ns length, so that the very low DOP of 7% can be
assumed to be sufficiently small to produce similar intensities for all
polarization states. The raw data of this measurement can be found in
appendix C.

With this measurement, however, it is still possible, that different
polarizations of the VCSEL are emitted at different times during one
pulse. A weak polarization in every pulse, on average, does not guarantee
a weak polarization at any time of the pulse. If for example a horizontal
polarization is emitted at the rising edge of the light pulse and a vertical
polarization at the falling edge, the overall intensities in one pulse would
still be the same for both polarizations, resulting in a Stokes parameter
S1 = 0. Yet, in such a case the state preparation using polarizers would
make the horizontal and vertical pulse distinguishable by resolving their
pulse shapes in time.
This is why, the polarization of the VCSEL in pulse mode was fur-

ther analyzed, by resolving the projections on H, V , +45◦ and −45◦

in time. For this purpose, instead of the counter, a time-to-digital
converter (TDC) was connected to the APD module, which is able to
resolve the arrival times of the photon clicks from the APD with a reso-
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4.5 POWER-CURRENT CURVE AND SPATIAL MODES

lution of 100ps, relative to a trigger signal from the driving electronics.
The histogram of this arrival times can be seen in figure 4.8 for the four
projections. Note that the measurement of these four projections is suf-
ficient, since the state preparation with the polarizers only takes place
in the equatorial plane of the Poincaré sphere. This is to say, every cir-
cular part S3 of the polarization will be equally projected on all linear
polarizations.
The pulses resolved in figure 4.8 show very similar time behavior for

the four polarizations, and thereby it is excluded, that a possible eaves-
dropper could distinguish the four diodes by means of their timing. A
different view would be, that for all times, the Stokes parameters S1 and
S2 are close to zero, which guarantees balanced intensities between all
linear polarizations.
Yet, the plot shown in figure 4.8 represents an average over many

different individual pulses. Hence, it is still possible, that each pulse
exhibits a certain polarization and only the average of many pulses is
unpolarized. For testing such a behavior, it will become necessary to
analyze each pulse individually in all four projections at the same time.

4.5 Power-Current Curve and Spatial
Modes

For encoding information in faint laser pulses, it is necessary that the
contrast of the VCSELs between being turned on and off has to be really
high. Since the optical power output of every laser diode drastically
increases over a certain current, high contrasts can be achieved if the
VCSELs are modulated over this threshold current. This means that,
the current applied to the VCSELs during the pulse duration has to
be higher as the threshold current, whereas the bias current, running
all the time, has to be well below the threshold. Yet, the bias current
cannot be omitted since the amplitude achievable for short pulses with
the modulation current is limited.
To determine suited values for the modulation and bias currents, it is

thereby important to know the exact value of the threshold current. For
this purpose the optical power output of a VCSEL was determined as
a function of the current, where a sudden increase of the optical power
marks the threshold current.
In figure 4.9 the setup used for measuring the power-current curve (P-I

curve) is illustrated. The light emitted from a VCSEL is collimated and
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VCSEL f = 12 mm

VCSEL Driver
Electronics

Powermeter

Figure 4.9: Setup for measuring the power-current curve. The light
emitted by a VCSEL was colllimated by an aspheric lens
and then measured using a powermeter.

measured using a powermeter. The electronics were used to scan the
laser current between 0.5mA and 3mA.
The results of the measurement is plotted in figure 4.10. It can be seen

that the slope rises at a current of 0.9mA marked by the green arrows.
The inset shows the interesting region on a larger scale. This result
verifies a very low threshold current for the VCSELs used of 0.9mA.
Compared to that, typical values for the threshold current of EELs are
on the order of a few tens mA.

Later the powermeter and the lens in figure 4.9 were replaced by a
beam profiler in close proximity to the VCSEL to characterize the spatial
modes appearing at different currents.
The results of this measurement is shown in figure 4.11. It can be seen

that the VCSEL is emitting a Gaussian mode at the threshold current
and slightly above at 1mA. However for higher currents donut modes
are found.
Those higher donut modes surely couple worse to the laser-written

waveguides and can cause new problems concerning stray light and the
resulting depolarization. However, in the future QKD transmitter the
VCSELs are used to produce short light pulses, which will result in differ-
ent modes than in continuous operation. Therefore further investigations
of the spatial modes in pulsed operation is necessary.
The spatial modes for a VCSEL in pulsed mode could not been mea-

sured, since the pulsed modes yield a higher divergence, hence didn’t fit
on the beam profiler, even for the minimum possible distance.
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Figure 4.10: The output power of a VCSEL vs. the driving current.
The green arrows mark the threshold current. The inset
is a zoom into the region around the threshold.
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5 Electronics
VCSELs show electrical characteristics very different from conventional
EELs and since there was no experience with this kind of laser diodes, the
electronics for driving the VCSELs had to be designed from the scratch.
Because VCSELs are already commonly used in classical optical commu-
nication, there is a rich supply of many different, commercially available
integrated circuits (ICs) dedicated to drive VCSELs in pulsed operation.
Of course all of those commercial chips are designed for a classical ap-
plication. That is why, during this thesis three different VCSEL drivers
were tested, to find an IC well suited for a QKD application. The elec-
tronics described in this chapter, were designed and built as evaluation
boards for different driver ICs, to find a suited chip for the VCSELs used.
Finally, the results found with these different ICs could be used to

design a first prototype of the electronics for a QKD transmitter.

5.1 Differences to Classical Optical
Communication

When driving a laser diode with short current pulses two distinct cur-
rents, called bias and modulation current, describe, together with the
pulse length ∆t, the shape of the pulse. The bias current is a direct
current (DC) part, running all the time through the diode, whereas the
modulation current is only added during the pulse duration. The bias
current is necessary, because the amplitude acheivable for the modula-
tion current is limited for fast modulation times, since it is technologi-
cally challenging to supply high currents for short time intervals. Ideally
this would result into a rectangular shape for the current applied to the
VCSEL as seen in figure 5.1.
This way of creating current pulses is common to classical optical

communication and QKD. Yet, the main difference between classical
communication and QKD is, that in QKD it is necessary that the chance
for any other laser diode emitting a photon at the same time as the laser
diode used to generate the qubit does, has to be very low. That is because
a photon, emitted simultaneously with the intended photon of distinct
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Figure 5.1: The current pulse applied to a VCSEL, with the time and
current in arbitrary units. To achieve a high contrast be-
tween the on and off state of the diode, one has to en-
sure, that the bias current lies well below the threshold
current and together with the modulation currents exceeds
the threshold.
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Figure 5.2: The difference between the modulations in quantum and
classical communication. In the QKD application it is
necessary to modulate the current over the threshold to
achieve high contrasts. In classical communication, how-
ever, one can afford to modulate the current in the lasing
regime, only. The threshold current is marked by the green
arrow.

polarization, could cause an error in the sifted key, if it is received by
Bob. This means that the contrast between the on and off state of the
VCSELs must be very high, despite the presence of the necessary bias
current.
To achieve the high contrasts needed in a QKD application, one can

make use of the characteristic threshold current, every laser diode ex-
hibits. Above this threshold current the diode lases and the emission
of light suddenly increases by orders of magnitude. By setting the bias
current below the threshold current, the intensity of light emitted during
the off state of a VCSEL is very low. If one additionally ensures, that the
bias current together with the modulation current exceeds the threshold
current during the on state, one can realize very high contrasts for the
VCSELs.
Contrary to that, in classical communication the bits are encoded in

dark and bright light pulses. This means that, the bias current can be
chosen above the threshold current and the modulation takes place in a
region where the diode is always lasing.
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This difference is explained in figure 5.2 with the characteristic thresh-
old behavior found in section 4.5. It is obvious that the achieved contrast
between the blue dashed lines, indicating the modulation for a QKD ap-
plication, is much higher, than for the purple lines. In classical commu-
nication one can afford a lower contrast, since it is possible to define two
power values which discriminate between the bit values ’0’ and ’1’.
When it comes to short pulses, it is also important to consider the

impedance inherent to the circuitry. This is because discontinuous jumps
of the impedance, which, for example, occur between a power line and
the VCSEL, reflect a part of the energy contained in an electrical pulse.
Since the pulse gets reflected back and forth between two such jumps, this
leads to a broadening in time. In classical communication, impedance
matching can be accomplished very easily, since the impedance of laser
diodes is rather constant in the lasing regime. However, similar to the
output power, the impedance changes near the threshold current. That
makes it impossible to match the impedance in QKD. The only possi-
bility to reduce the influence of the unmatched impedance is to keep the
transmission lines in the circuitry as short as possible

5.2 Finding a Suited VCSEL Driver
Integrated Circuit

Since there is a vast amount of commercially available VCSEL drivers,
three were pre-selected from the pool for further testing. Because the
future design of the transmitter is aimed to become small, an important
pre-selection criteria was the possibility to set the bias and modulation
currents via a digital interface. In this way the design of the electronics
can be kept simpler, as no additional circuitry is needed for this purpose.
In addition, the drivers where chosen to be fast enough to produce pulse
widths of the order of 1 ns. This means that the specified data rate had
to be larger than 1Gbps. With that criteria the three pre-selected ICs
were the LTC5100 [41] (Linear Technology), the ONET4291VA [40] and
the ONET8501V [42] (Texas Instruments).
Those three drivers are of course all designed for classical optical com-

munication. Since the necessary high contrast and the required duty cy-
cle of the diodes are rather untypical for classical communication, their
practicability in a QKD scenario had to be tested. For this purpose two
evaluation boards were built. One equipped with the LTC5100 and the
other equipped with both the ONET4291VA and the ONET8501V.
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Microcontroller

PC

VCSEL
Driver

Pulse
Generation

External/
FPGA

VCSEL

Figure 5.3: A sketch of the schematics of the evaluation boards. A
microcontroller is used to control the bias and modulation
currents, applied to the VCSEL via the driver ICs. The
first evaluation board built for the LTC5100 used an exter-
nal source for data input, whereas the second evaluation
board, testing the ONET4291VA and ONET8501V, was
equipped with and FPGA for generating short pulses.

All of the tested ICs accept a differential signal for the data input. A
differential signal consists of two signal lines, where the digital signal is
interpreted as ’1’ if the line denoted with “+” is at a higher potential
than the “−” line and vice versa. During such times, the driver IC will,
additionally to the bias current, apply the modulation current to the
VCSEL. A logical ’1’ is represented by 1.4V at the positive line and
1.0V at the negative line. These “high” and “low” levels correspond to
the international low voltage differential signaling (LVDS) standard.
Therefore, the schematics for both evaluation boards are in principle

the same (fig. 5.3). A source of fast pulses is fed to the data input pins
of the tested VCSEL driver, which translates the signal into currents
running through the VCSEL.
For controlling the values of the modulation and bias currents, a mi-

crocontroller uses the digital interface of the driver. The microcontroller
itself is connected to a PC over a serial interface.
The only difference between the two evaluation boards, is the source

for short pulses. For the first evaluation board (LTC5100) an external
pulse generator was used, whereas the second uses an on-board field-
programmable gate array (FPGA). In both cases the pulses applied to
the VCSEL drivers are emitted with a repetition rate of frep = 100MHz
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Figure 5.4: Principle of the short pulse generation on a FPGA. By
shifting a clock signal with 50% duty cycle by 1 ns and
then applying the logical operation A ∧ ¬B, short pulses
with a width of 1 ns and a repetition rate of frep = 100MHz
are created.

and a pulse width of ∆t ≈ 1 ns, i.e. the duty cycle of the VCSEL is
D = frep ·∆t = 10%.
The FPGA used on the second evaluation board comes with an on-

chip digital clock manager (DCM), which was used to generate the short
pulses in the following way. The DCM is able to delay a clock signal, with
a duty cycle of 50%, in a phase locked loop from 0 ns to approximately
10 ns in steps of 40 ps. This was used to delay a 100MHz-clock, produced
by an oscillator outside the FPGA, by one nanosecond. If one calls
the original clock signal A and the delayed clock signal B, the logical
operation A∧¬B (A and not B) yields the required pulses of 1 ns width,
with a duty cycle of 10% (see fig. 5.4).
The full schematics of both evaluation boards can be found in appen-

dices D and E.

5.2.1 Contrast

A high contrast between the on and off state of a VCSEL is mandatory
for successful QKD. Therefore, the setup displayed in figure 5.5 was
used, to determine the contrast produced by the different ICs together
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VCSEL f = 12 mm

VCSEL Driver
Electronics

ND

APD
ModuleTDC

PC

Sync

Figure 5.5: Setup used for determining the intensity contrast between
the on and off state of the VCSELs. The VCSEL was
driven with three different ICs and the resulting light pulses
analyzed using an APD module and a TDC. The complete
circuitry for driving the diode were controlled via a PC.
The driving electronics and the TDC where synchronized
via a 40MHz reference signal.

with the VCSEL.
A PC was used to control the evaluation board which drove a VCSEL

with short pulses. These pulses emitted from the VCSEL were collimated
and coupled into an APD module. A saturation of the APD was avoided
with a neutral density filter. The arrival times of the photons were
analyzed using a TDC and the same PC again. It is notable that the same
100MHz-clock used for the pulse generation on the FPGA was divided
by a second on-chip DCM to 40MHz and then used as a synchronization
signal for the TDC. The frequency of this sync signal was defined by the
TDC, which only accepts 40MHz as a clock input.
Since, the external source was not able to produce 1 ns short pulses

and a 40MHz sync signal, at the same time. It was necessary for the first
evaluation board, to analyze the arrival times using the histogram func-
tion of a digital storage oscilloscope (DSO) triggered with a synchronous
signal.
The histograms of the arrival times for the different tested ICs are

shown in figures 5.6, 5.7 and 5.8 for the LTC5100, ONET4291VA and
ONET8501V, respectively.
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Figure 5.6: The arrival times of photons contained in the pulses pro-
duced, with the LTC5100 VCSEL driver.
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Figure 5.7: Arrival times for photons in a pulse produced with the
ONET4291VA.
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Figure 5.8: Arrival times for photons in a pulse produced with the
ONET8501V.

What stands out most in these three plots is, that the contrast for
the pulses produced with the LTC5100 is much worse than for the other
two ICs. The LTC5100 has a slightly different internal design than the
other two drivers. Instead of adding the modulation current to the bias
current during times where the input signal is interpreted as a logical
’1’, it applies both currents to the diode and bypasses the modulation
current to an internal current sink, at times when the input is interpreted
as a ’0’. This design yields theoretically the same current pulses, yet,
obviously doesn’t reach the necessary low bias current. The much lower
total count rate shown in the plot is due to the different measurement
method using the DSO and is not crucial for the contrast measurement.
The ONET4291VA and the ONET8501V were further investigated in

terms of their pulse width as described in the following section.

5.2.2 Pulse Widths

All of the tested driver ICs have three current output pins. The first
one delivers the bias current and is always connected over an inductor
to the VCSEL. For the modulation current there are two output pins
with opposite polarity. Thereby it is possible to connect a VCSEL to
the driver ICs in two different ways. The first possibility, as it was used
before to determine the contrast, is to connect the diode single ended,
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DIN+

DIN−

DOUT+

DOUT−

Modulation
Current

Generator

Bias Current Generator

BIAS

High-Speed Current Modulator

100 Ω

VCC

DOUT+

DOUT−

BIAS

Single Ended
Connection

Differential
ConnectionVCSEL Driver Block Diagram

Figure 5.9: A simplified block diagram for the driver IC. The differ-
ential input signal DIN± is interpreted by a comparator.
The inverted and normal output of the comparator then
each control a transistor, for turning the modulation cur-
rent on or off. The difference of the external differential
wiring, compared to the single ended wiring is shown on
the left side of the scheme, where circuitry at the output
side of the IC is shown again. Block diagram inferred from
datasheet [40].

like depicted as a block diagram in figure 5.9 on the left side. This means
that the diode is only connected to the positive modulation output of the
IC, whereas the negative output is connected to ground. Both outputs
are always coupled over a capacitor, which serves as a high-pass filter
and inhibits misrouting of the bias current. Analogously, the inductive
coupling of the bias current inhibits the modulation current to flow back
into the chip.
Additionally displayed in figure 5.9 is a simplified block diagram of a

VCSEL driver. It can be seen that the voltages at the two differential
input pins (DIN+ and DIN−) are interpreted by a comparator. If the
voltage at the DIN+ pin is higher than at the DIN− pin, representing
a logical ’1’, the normal output of the comparator is high, while the in-
verted output (denoted with the circle) is low. A low level at the inverted
output causes a limited current flow through the respective transistor.
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Figure 5.10: The arrival times for a single ended and a differentially
connected VCSEL driven with the ONET4291VA.

Therefore, more current flows towards the DOUT+ pin and through the
VCSEL. If the input levels are interpreted as a logical ’0’. A high level at
the inverted output “opens” the transistor, and the current is bypassed
around the VCSEL.
The second way of connecting a laser diode to the driver IC is dis-

played on the right side in figure 5.9. Here both outputs, DOUT+ and
DOUT−, of the driver are connected to the diode. That is why this kind
of connection is called differential. If a VCSEL is differentially connected
and the IC interprets the data input as a logical ’1’, the modulation cur-
rent is flowing back into the driver chip and through the open transistor,
corresponding to the normal output of the comparator. In addition to
that, the current flow is immediately stopped when the voltages at the
input pins are interpreted as a ’0’ by closing the transistor. In this
way one expects a more symmetric response for the optical pulses the
connected VCSEL produces, which does not necessarily mean that the
pulses become shorter with respect to their FWHM.
Because shorter pulses allow for a stricter time filtering, the second

evaluation board, was designed to support both methods of connecting
the diode. The differences in the arrival times between those two methods
are shown in figure 5.10 for the ONET4291VA and in figure 5.11 for the
ONET8501V.
Especially for the ONET8501V an improvement of the pulse shape and
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Figure 5.11: The arrival times for a single ended and a differentially
connected VCSEL driven with the ONET8501V.

width is clearly visible. The pulse width could be reduced from 1.8 ns to
1.2 ns, yet the ONET4291VA still produces the shorter light pulses. It is
also obvious that the contrast for the ONET8501V improved, however
again the ONET4291VA shows a similarly good contrast, even in the
single ended case.
The poorer performance of the ONET8501VA can be explained by the

advanced features this chip has. For example an extra stage for over- and
undershoot control is realized inside the chip with additional circuitry.
This features, being normally an advantage, have obviously a negative
effect on the pulse shape in the untypical application of QKD.
Note that the measured pulse shape is a convolution of the jitter of

the APD and the actual optical pulse shape. If one assumes a Gaussian
distribution for this jitter as well as for the optical pulse, the measured
FWHMm is given by

FWHMm =
√

FWHMAPD
2 + FWHMpulse

2, (5.1)

where the FWHMs below the square root are the FWHM of the APD
and the pulse, respectively.
Because for four diodes, four additional lines are necessary in a dif-

ferential design and the ONET4291VA showed a good behavior with a
single ended connection, too, a first prototype of the electronics for a
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Figure 5.12: A block diagram for the circuitry of the prototype elec-
tronics of a QKD transmitter module. Short pulses are
generated using a FPGA and are translated into modula-
tion currents by four VCSEL drivers, each of which drives
one VCSEL. In addition a microcontroller is used to set
the bias and modulation currents of the drivers, as well
as to control the FPGA.

QKD transmitter was designed with this IC used in a single ended de-
sign.

5.3 Prototype Electronics for a VCSEL
Based QKD Transmitter Module

After a suited VCSEL driver was found, a first prototype for the electron-
ics was designed. Figure 5.12 sketches the schematics of the prototype.
The design is similar to the one of the second evaluation board, using a
FPGA as a pulse generator and a microcontroller for setting the pulse
widths produced by the FPGA and the modulation and bias currents of
the four laser drivers.
A big difference between the designs, though, are the different require-

ments for the pulse generation on the FPGA. Whereas on the second
evaluation board the same pulses were used for both ICs, it is now nec-
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essary to send pulses to the four different drivers for the diodes one after
another.
This requires a new internal design of the FPGA, as can be seen in

figure 5.13. In the upper part the internal circuitry of the FPGA used on
the evaluation board is shown for comparison. The normal clock signal
A and the inverse shifted clock signal ¬B are and-gated at one lookup
table (LUT) and then forwarded to both tested ICs. On the transmitter
prototype, however, a third signal Ci, which determines whether the
respective ith VCSEL is active during the current pulse, needs to be
evaluated at four different LUTs. Therefore the logical operation carried
out on each of those four LUTs reads as (A ∧ ¬B) ∧ Ci.
Since all of the four laser diodes have to have the same temporal behav-

ior, this method of producing short pulses, gave rise to another problem.
The LUTs used to carry out the necessary logical operations written
above, are physically located at different places in the FPGA, resulting
in different propagation delays for the two clock signals A and B. Al-
though the FPGA features so called dedicated clock routes, which are
especially designed for carrying clock signals with a low propagation de-
lay and jitter, the effect of the different delays could be seen clearly on
the resulting pulses at the different outputs.
In figure 5.14 the pulses of the four LVDS signals obtained from the

FPGA are shown, together with the logical interpretation of those sig-
nals. If one wants to calculate the overlaps of the signals, it is sufficient
to compare the widths of the logical representations. In the worst case
the overlap is only

345 ps

1280 ps
≈ 0.27. (5.2)

QKD is certainly not possible with an overlap of 27%, since this would
open a side channel for an attack of a possible adversary. To compen-
sate for that, it was attempted to insert additional gates and buffers,
before the LUTs. Since those logical components individually delay the
clock propagation, it should be possible to compensate for the different
delays. However it turned out, that the different propagation times do
not decouple, i.e. if an additional gate was inserted in front of one LUT,
it also changed the delays on all the other LUTs.
With this method the overlap between the pulses could be slightly

improved, as displayed in figure 5.15. The overlap in the worst case for
the corrected delays yields

430 ps

860 ps
= 0.5, (5.3)
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Figure 5.13: The additional requirements for the transmitter module
impose a different internal design of the FPGA. Contrary
to the design used on the evaluation board (top), the de-
sign used for the transmitter needs one LUT per driver
IC. The additional signals Ci determine whether the ith

diode is active during the current pulse. Therefore all
of the four LUTs have to carry out the logical operation
(A ∧ ¬B) ∧ Ci. The signals Ci are produced by an ad-
ditionally programmed pattern generator module on the
FPGA.
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Figure 5.14: The differential signals for the pulses produced by the
FPGA. The logical interpretation of those signals is de-
noted in red for every driver. The respective pulse widths
vary due to different propagation delays for the LUTs in
the FPGA. The y-axes show the voltage for the two dif-
ferential lines according to the LVDS standard. All of
those signals were individually triggered on a DSO.
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Figure 5.15: The differential signals for pulses after inserting additional
logical elements. The difference between the pulse widths
has improved, yet is still not sufficient for a secure QKD
device. All of those signals were individually triggered on
a DSO.

which is still not sufficient for QKD.
Yet, the electrical answer of the laser drivers, as seen in figure 5.16,

show better correlations than the LVDS input signals do. The low bias
currents and high modulations, needed for a QKD application as well
as the duty cycle of only 10%, are a rather untypical configuration for
the intended application of the IC. It is therefore conceivable, that the
LVDS signal only functions as a trigger for the pulse generation, since
the driver cannot achieve its specified data rate, what would explain the
better overlap. Those pulses, though, were measured without a VCSEL
connected to the drivers but connected to a 50 Ω resistor, therefore this
result is only preliminary. For future tests it would be worth checking
the optical pulses produced in this configuration. This could not be
measured yet, since only one VCSEL on the array could successfully be
bonded.
Depending on the results for the optical pulses, it may be necessary

to add further circuitry to the electronics, which is dedicated to pulse
shaping. Also, the delays between the different pulses for the respective
driver chips have not been considered for this first prototype electronics,
here compensation by additional delay lines may become necessary.
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5 ELECTRONICS
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Figure 5.16: The electrical answers of the four driver ICs corresponding
to the input signals in 5.15. The correlation is much better
than for the LVDS signals. The y-axis shows the current
corresponding to the voltage drop over a 50 Ω resistor,
measured with the DSO. The x-axis is the time in ns.
Every point on the curves corresponds to one sample from
the oscilloscope.
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5.3 PROTOTYPE ELECTRONICS FOR A VCSEL BASED QKD
TRANSMITTER MODULE
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Figure 5.17: The voltage signal of a fast photodiode, while short pulses
from one VCSEL were applied. The green curve is a mov-
ing average of the data points and yields a FWHM of
550 ps. The red points represent the samples measured
on the DSO of 10 consecutive pulses.

Nevertheless, the prototype electronics were used to check the width
of the optical pulse produced by the one functioning VCSEL. To this
aim the light emitted from the VCSEL was collected and coupled onto
a fast photodiode, which is specified for a bandwidth of 7GHz. The
voltage signal from the photodiode was then measured using a DSO
with a bandwidth of 2GHz.
The result of this measurement is displayed in figure 5.17, where a

moving average was applied to the data to determine the FWHM. With
that curve the FWHM and thereby the pulse width for the first VCSEL
driven with the prototype electronics, was 550ps. This pulse is surely
short enough for the application in QKD, with respect to the certainly
higher APD jitter at the receiver.
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6 Conclusion and Outlook

This thesis describes the first steps towards a hand-held QKD sender,
which has the potential to enable QKD in mobile hand-held scenarios.
For this purpose, the characterization of the single components for a
future miniaturized QKD device was performed in this work.
The laser written waveguides used in the future QKD transmitter for

overlapping the light from four different VCSELs were characterized in
terms of their birefringence and bending losses. As expected, a slight
birefringence, emerging from the elliptical cross-section, could be verified.
Additionally the dispersion of the birefringence was tested and analyzed
with respect to depolarization, giving an upper bound for spectral widths
of light sources used together with the integrated optics. Bending losses,
which arise on curved sections depend on the polarization of the light.
Together with asymmetric power splitting by a BS structure, a change
of the ±45◦ polarizations occurs. It was shown that a compensation of
those changes can be achieved by preparing quantum states in specific
input polarizations and that laser-written waveguides are a well suited
device to prepare the states required for QKD.
Since VCSELs exhibit a round emission pattern, which couples well

into waveguides, and since they show a better power efficiency compared
to EELs, they are considered to be well suited for a small, portable
QKD transmitter. Their temperature dependence, was verified to be
much smaller than for conventional EELs, which is a big advantage for
a hand-held device. Their spectral distributions, were also found to be
sufficiently small to fulfill the requirements imposed by the dispersion
of the waveguides. In addition, the DOP of the light produced by the
VCSELs is small enough, such that very low fluctuations in the pulse
intensities are expected for the four different polarizations.
The electronics, necessary for driving the VCSELs in short pulses, were

designed and tested for different dedicated VCSEL driver ICs. Those first
evaluations boards, were used to select a suited IC for a QKD application.
In terms of contrast and pulse width, the ONET4291VA was found to
be the most applicable choice for the transmitter electronics. Finally,
a first prototype of the circuitry for a VCSEL based QKD transmitter
module, was designed. Further the pulse generation, using a FPGA
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6 CONCLUSION AND OUTLOOK

Figure 6.1: An alternative geometry for the integrated beamsplitters,
where the possibility of a three dimensional path is used to
exchange the bending between | V 〉 and | H〉. Both waveg-
uides of the directional coupler start and approach each
other in a horizontal plane. However they, after brought
into close proximity, move away from each other in vertical
direction, following a true three dimensional path.

was implemented and found problematic, considering the deviating pulse
widths for the four different VCSELs. However, additionally circuitry for
pulse shaping can solve this problem.

Up to this point, the study of the single components revealed no un-
solvable problems, which could prevent a realization of the QKD trans-
mitter. Of course, there are still remaining task that need to be done,
such as the investigation of laser written samples with more than one BS.
Their splitting ratios and bending losses have to be studied very care-
fully, since they introduce additional changes of the polarization, which
have direct consequences on the state preparation and consequently on
the orientation of the polarizers.
In the scheme presented in section 2.5 the complete waveguide ge-

ometry is located in one plane. However the possibility to write three-
dimensional paths could be used to realize a geometry like the one dis-
played in figure 6.1. By exchanging the direction of the bending, it may
be possible to balance the polarization rotations caused by the losses
occurring on curved paths.
The electronics, which, up to now, are only capable of emitting the

four polarization in a predefined pattern, need to be expanded to a real
random choice of the polarization states. For example the one-chip quan-
tum random number generator described in [43], could be integrated for
this purpose. In addition the optical pulse widths and delays have to
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be reviewed, using a VCSEL array with four functioning diodes. The
experiments with the evaluation boards show that the electronics have
to be probably extended by dedicated circuitry for pulse shaping and
delay compensation.
An additional task will be the alignment of the hand-held QKD trans-

mitter relative to the receiver. For this purpose a closed-loop system,
controlling the detection direction of the receiver, will be necessary [44,
45]. To align the degree of freedom, corresponding to rotations of the
transmitter along the beam axis, one can use q-plates [46, 47], as an
additional element at the output of the transmitter and at the entrance
of the receiver. q-plates are an optical element, which transform the
four polarization states used for QKD into four different and rotation-
ally invariant states, along the beam axis. By the use of q-plates one can
thereby compensate this one rotational degree of freedom.
Shortly mentioned during the presentation of the overall scheme of the

future sender module, yet not discussed in this thesis, were the wire-grid
polarizers used for the state preparation at the entrances of the waveg-
uides. The polarizers were lithographically fabricated by Gwenaelle Vest
according to e.g. [48], since commercial polarizers are not available suffi-
ciently thin to apply them together with the micro lens array. The latest
fabricated polarizers, now produced in a better equipped clean room
with focused ion beam etching instead of e-beam lithography, showed
contrasts on the order of 1 : 120, sufficient for the application in QKD.

With the progress achieved so far and the remaining tasks solved,
the future portable QKD sender will enable QKD in real life. The very
compressed form factor of the optics, being realized in one bulk of glass, is
a promising approach for miniaturization. In fact, it is possible to realize
the complete sender in such a small volume, that the integration of QKD
transmitters in future smartphones becomes possible. This would enable
a whole new class of applications for QKD, from drawing money at an
ATM to secure exchange of highly confidential data. This possibility to
establish a secure connection between two communication nodes at any
time in any place, protected by the laws of nature, has the potential to
establish a whole new level of privacy for governmental institutions as
well as individual persons.
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A Sample Geometries

The sample geometries as given by the group of Roberto Osellame. The
here depicted drawings were delivered together with the samples.
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A SAMPLE GEOMETRIES
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A SAMPLE GEOMETRIES
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B Sample Holder Drawing
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B SAMPLE HOLDER DRAWING

The here depicted sample holder was designed to be mounted on a xyz-
translations stage (Thorlabs, NanoMax300, MAX313D). The sample can
be aligned with the help of the edges on the left part of the holder and
clamped with standard “Clamping Arms” (PM3/M) for platform mounts,
supported by Thorlabs.
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C Raw Data for the DOP
Measurements on VCSELs

The data given here are the average counts per second measured on
the APD. This average was found by measuring every projection for
5× 5s. The dark counts were only measured once for the measurements
in continuous operation. For the pulsed operation they were measured
again, because a weaker optical density filter was used.

Current cH cV c+ c− cR cL Dark Counts

1mA 1141 2404 1271 1884 1731 1875 336
2mA 3963 18218 4939 16993 10318 11225 336
3mA 6045 30027 8116 27402 16681 18065 336
Pulsed 57673 59020 61823 54069 56409 56931 337

Table C.1: Raw data of the DOP measurement on a VCSEL.
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D Schematics of the First
Evaluation Board
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E Schematics of the Second
Evaluation Board
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E SCHEMATICS OF THE SECOND EVALUATION BOARD

Not
av

ail
ab

le
in

on
lin

e ve
rsi

on
.

Fe
el

fre
e to

co
nt
ac

t us
.

88



Not
av

ail
ab

le
in

on
lin

e ve
rsi

on
.

Fe
el

fre
e to

co
nt
ac

t us
.

89



90



F Schematics of the
Prototype Electronics for a
QKD Transmitter Module
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F SCHEMATICS OF THE PROTOTYPE ELECTRONICS FOR A
QKD TRANSMITTER MODULE
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F SCHEMATICS OF THE PROTOTYPE ELECTRONICS FOR A
QKD TRANSMITTER MODULE
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