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Kurzfassung

Um den stdndig steigenden Bandbreitebedarf abzudecken, der mit der Entstehung immer
neuerer Kommunikationsanwendungen verbunden ist, werden innovative Technologien benotigt.
Optische Freistrahlkommunikation mit Hilfe von Lasern ist eine viel versprechende Kandidatin
flir diese Anwendungen, sie erlaubt das Ubertragen von Informationen bei hohen Datenraten
mittels eines kollimierten Laserstrahls. Dabei werden kompakte und leichte Endgeréte
verwendet. Im Vergleich zu Mikrowellensystemen treten weniger Interferenzprobleme mit
anderen Systemen auf, auflerdem liegen die optischen Frequenzen auflerhalb der regulierten
Frequenzbénder. Wahrend optische Kommunikationsverbindungen zwischen Satelliten bereits
Standard sind, kommt es bei Laserkommunikation durch die Atmosphére zu Leistungseinbufien
aufgrund von Bewdlkung, schlechten Wetterverhdltnissen und atmosphérischen Turbulen-
zen. Wissenschaftliche Arbeiten zu diesem Thema beschéftigten sich bisher hauptséchlich
mit intensitdtsmodulierten Systemen. Ob Systeme basierend auf Polarisationsmodulation
intensitdtsmodulierte Systeme tibertreffen, soll in dieser Arbeit untersucht werden, da die
Polarisation eines der stabilsten Eigenschaften des Laserstrahls bei Durchgang durch die At-
mosphare zu sein scheint. Ein genauer und detaillierter Vergleich der beiden Modulationsarten
ist daher von groflem Interesse.

In meiner Diplomarbeit habe ich ein digitales Polarisationsmodulationssystem (PolSK)
mit direktem Empfinger entworfen. Dazu habe ich eine kommerziell erhéltliche Software
verwendet, die die Simulation von optischen Nachrichtentechniksystemen erlaubt. Zwei
Empfangerstrukturen wurden realisiert, eine mit und eine ohne optischen Vorverstarker. Ein
Vergleich mit einem intensitédtsmodulierten System (OOK) hat gezeigt, dass PolSK in spitzen-
leistungsbegrenzten Systemen um 3dB besser ist als OOK. Besonderes Augenmerk ist auf
optisch vorverstirkte Empfanger und deren Nichtidealitaten gelegt worden. Nichtidealitdten
sind zum Beispiel eine nicht ideale Polarisationsweiche, eine nicht ideale PIN Photodiode
mit Transimepedanzverstarker oder nicht ideale optische und elektrische Leitungen. Diese
Simulationen haben auch bei der Abschétzung des Einflusses der Atmosphére im Bezug auf
die Empfangersensitivitat geholfen.

Ein Einfluss der Atmosphére auf die Polarisation eines Laserstrahls wird mit Hilfe von
polarimetrischen Messungen abgeschatzt. Die Polarimetrie ist ein Forschungsgebiet in der
Astronomie. Ein Vergleich von Messungen von teilweise polarisiertem Sternenlicht auf der
Erde und im Weltall (Hubble Space Telescope) gibt Aufschluss tiber einen solchen Einfluss.
Basierend auf diesen Daten habe ich einen geringen und vernachlassigbaren atmosphérischen
Einfluss auf die Polarisation festgestellt.

Fiir eine praktische Realisierung von PolSK-Systemen mit optischen Vorverstiarkern habe
ich eine Marktstudie gemacht, um die geeigneten Komponenten dafiir zu finden. Zwei
Realisierungsarten fiir hochempfindliche Empfanger mit PIN Photodioden werden préasentiert.

Obwohl die Komplexitéit eines PolSK-Systems grofler ist als bei einem OOK-System iiberwiegen
die Vorteile in spitzenleistungsbegrenzten Systemen, wie zum Beispiel die konstante Einhiillende
des Sendesignals und der 3dB Gewinn in der Empfingersensitivitdt. Daher ist Polarisations-
modulation eine viel versprechende Kandidatin um Systeme mit Intensitdtsmodulation in der
optischen Freistrahlkommunikation durch die Atmosphére abzulésen.



Abstract

Innovative technologies are required to satisfy the ever increasing bandwidth demand asso-
ciated with new communication services. Optical free space laser communications - with its
ability to transmit information via a collimated laser beam at high data rates using compact,
low-mass terminals, while avoiding interference problems and without exhausting the radio-
frequency bandwidths - is a promising candidate in the field. While optical intersatellite links
are state-of-the-art technology, laser communications from ground suffers from cloud coverage,
harsh weather conditions, and atmospheric turbulence. Most of the previous work on optical
free space laser communications through the atmosphere was concentrated on intensity mod-
ulated systems. However, polarization modulated systems may be more appropriate for such
communication links, because the polarization seems to be the most stable characteristic of a
laser beam while propagating through the atmosphere. Thus, a detailed comparison between
intensity and polarization modulated systems is of big interest.

In my thesis I have implemented a direct detection digital polarization shift keying (PolSK)
system with the aid of a commercially available software to simulate the behavior of optical
transmission systems. Two receiver structures are realized, for the absence and for the pres-
ence of optical amplification in the receiver. A comparison with intensity modulated systems
shows that PolSK outperforms on-off keying (OOK) systems in terms of peak optical power
by about 3dB. Special attention is given to the PolSK receiver with optical preamplification
and the non-idealities which arise in such systems, e.g., a non-ideal polarization beam splitter,
a non-ideal PIN photodiode with transimpedance amplifier, or non-ideal optical and electrical
wires. The simulations also help to assess penalties in the receiver’s sensitivity when investi-
gating the influence of the atmosphere.

The influence of the atmosphere on the polarization of a laser beam is assessed in terms of
polarimetry, a field of research in astronomy. A comparison between ground based and space
based (Hubble Space Telescope) polarimetric measurements of partially polarized stars gives
further information about such an influence. Based on these measurements I showed that the
atmospheric influence on the polarization in rather small and thus negligible.

For a practical implementation of an PolSK system with optical amplifier a market study
is done to list appropriate devices. Two realizations of high sensitivity receivers, which use
PIN photodiodes as detectors, are presented.

Although the complexity of an PolSK system is higher than that of an OOK system, the ad-
vantages of PolSK in peak power limited systems such as the constant envelope of the transmit
signal and the 3 dB sensitivity gain predominate the disadvantages. Thus, PolSK is a promis-
ing candidate to replace OOK as modulation system in optical free space communications
through the atmosphere.

ii
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Chapter 1

Polarization Shift Keying Systems

1.1 Introduction

The investigation of polarization modulation in optical free space communications through
the atmosphere is of particular interest, because systems based on polarization modulation
show some advantages in comparison with other modulation formats. It is assumed that
the polarization is the most stable characteristic of a laser beam while propagating through
the atmosphere (see Chapter 2). Furthermore, polarization modulation features a constant
envelope of the transmitted optical power, which makes it especially attractive for peak power
limited systems.

Various studies on polarization modulation in optical transmission systems have been pub-
lished. In 1992, a polarization modulated direct detection optical transmission system was
researched by Betti [1], suitable for binary and multilevel transmission. The receiver was pro-
posed to extract the Stokes parameters of the transmitted light (Stokes receiver). The system’s
performance was analyzed for the absence and for the presence of optical amplifiers. In 1995,
results by Benedetto [2] show that the performance of a binary polarization modulated direct
detection system is approximately 3 dB better in terms of peak optical power than an intensity
modulated direct detection system. In 2003, a 4-level direct detection polarization modulated
system realized with phase modulators was presented by Hu [3]. The use of polarization
modulation in long-haul fiber transmission systems was carried out by Carena [4]. Lepley
[5] reported about the influence of polarization mode dispersion in polarization modulated
fiber link transmission systems. Dispersion-tolerant transmission over a standard single mode
fiber using a duobinary polarization modulated transmission system was proposed by Siddiqui
[6]. In 2005, Chi [7] presented a scheme for the generation of a 40 Gbit/s binary polarization
modulated signal, which was successfully transmitted over a 50 km standard single mode fiber
with a penalty of 0.6 dB. An investigation of digital coherent optical polarization modulation
schemes was also done by Benedetto [8][9].

The aim of my diploma thesis is to assess the performance of a direct detection digital
modulation system based on polarization modulation. The implementation is done in
VPItransmissionMaker from VPI photonics, a commercially available software to simulate
the behavior of optical transmission systems. Moreover, I will investigate the impact of the
atmosphere on the polarization based on information given in literature. For a practical
realization of polarization modulated systems I perform a market research to find appropriate
devices.

The polarization modulated system, introduced in this chapter, is composed of a transmit-
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ter, a free space channel which attenuates the mean received power by a variable value, and a
receiver. The transmitter imprints digital data on the optical signal by means of a polarization
modulator. Two receiver structures are implemented, for the absence and for the presence of
optical amplification. The receivers performances are compared to the performances of inten-
sity modulated systems. Another objective of my diploma thesis is to model non-idealities
within the receiver structures. Penalties in the receivers performances, when real, non-ideal
optic and electronic devices are used, can be estimated. In the second chapter, I present the
literature research on the impact of the atmosphere on the polarization. In the third chap-
ter, I discuss the realization of a receiver. Some appropriate optic and electronic devices are
presented.

1.2 Polarization modulation

In telecommunications, modulation is the process of varying a carrier signal to transmit infor-
mation. In optics this carrier signal is a light beam. The physical characteristics of the signal,
on which the information is modulated, can be the amplitude, the phase, the frequency, or the
polarization. It is also distinguished between analog and digital transmission [10].

The most important digital modulation formats are amplitude shift keying (ASK), fre-
quency shift keying (FSK), phase shift keying (PSK) and differential PSK (DPSK). ASK
modulates digital data (’1’s and ’0’s) as variations in the amplitude onto the optical carrier.
The simplest and most common form of ASK is on-off keying (OOK), the optical signal is
simply turned on and off in response to whether the data is a ’1’ or a ’0’. In an FSK system
the transmitter generates a specific frequency for a '1’ and a different frequency for a ’0’. In
PSK, the transmitter sends an in-phase signal for a ’1” and an out-of-phase signal for a '0’ (or
vice-versa). A variation of PSK is DPSK, where a phase change is used to indicate transition
from a ’1’ to a’0’ or a ’0’ to a '1’ [11]. As an alternative to the standard digital modulation
techniques in optical communications polarization shift keying (PolSK) is proposed, where the
digital information is encoded in the state of polarization (SOP) of the launched light.

1.2.1 Polarization

The study of the vectorial nature of light has shown that a planar electro-magnetic wave is a
solution to Maxwell’s equations in free space. This subsection is addressed to the evolution
of the electric field in the plane perpendicular to the propagation direction €, (see Fig.(1.1)).
The motion of the electric field in this plane governs the polarization of the wave [12].

Maxwell’s equations

Light propagates in the form of waves [13]. Maxwell’s equations completely describe the
propagation and spatial extent of electromagnetic waves in free space and in any medium [12].

They establish a relationship between the electric field E(7, ¢) and the magnetic field H (7, t)
at a fixed point in time and space. The following equations are not the original ones, they are
adopted for ideal (electric conductivity x = 0) dielectric materials, where charge density and
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y
A

Figure 1.1: Plane wave traveling in z-direction €, (E ... electric field vector) [13]

current density are set to zero [14][15]:

V-eE(Ft) = 0, (1.1)
V-uH(Rt) = 0, (1.2)
V x E(F,t) = —uaHa(:’ﬂ, (1.3)

OE(7,t)

V x H(T,t) = ETT,

(1.4)
where t represents the time and the position vector is ¥ = wé + yé€, + z€ in the cartesian
coordinate system with €, €, and €, being the basis vectors of the coordinate system. The
vectorial differential operator Nabla V is defined as V = Oy €y +0y€y~+0. €, € is the electric field
permittivity, and u is the magnetic field permeability. In vacuum, ¢ = g9 = 8.854-107!2 As/Vm
and p = pg = 47 - 1077 Vs/Am [15].

The ideal dielectric medium is presumed to be homogeneous, isotropic, linear, and time-
invariant [14]. Tt is now possible to merge the coupled equations to get one expression for the
electric field based on Eqn.(1.3) inserting Eqn.(1.1) and (1.4) [15],

V2E(7,t) — pe

O2E (7t
52) =0. (1.5)

0
In Equation (1.5) the identity V x (V x E) = V(V - E) — V2E was used, where V2 is the
Laplace operator in cartesian coordinates [15],

0? 0? ok

2
v ox?  Oy? + 022 (16)

Using the Maxwell relation c?cp = 1 with phase velocity ¢ in Eqn.(1.5), the result is the
well-known homogenous wave equation [15],

q 1 0°E(7,t)

VQE(’F, t) - C2T - O (17)
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For time-harmonic processes the electric field vector is written as [14]
S L 1/ . - ,
E(Ft) =R [E(f)ewt} -2 (E(F)ej“’t + E*(F’)e_wt> : (1.8)

where w represents the angular frequency, j = /—1, and R[] denotes the real part of a
complex number. Applying time-harmonic processes to Eqn.(1.7) (0/0t — jw, 8%/0t? — —w?,

vector — phasor) yields the Helmholtz equation [14][15],

V2E(F) + = E(7) = 0. (1.9)

The derivation for the magnetic field is analogue.
The most simple solution for Eqn.(1.9) is the plane wave given by [15]

— 7

E(7) = E(k)e %7, (1.10)

where k is the wave vector, which denotes the propagation direction of the wave, and k-7
denotes the scalar product of the vectors k and 7. The Expression (1.10) can be directly
inserted into Eqn.(1.8) to get an equation for the electric field in the time domain [15][16],

Bt =% E(E)eﬂwt—ﬁﬂ} _ [Ec(f,t)] , (1.11)
where [16]
Exe.](ﬁx
E(k)= | E,eit (1.12)
Ezej¢z

is the complex envelope of the electric field, which is composed of the magnitudes F,, F,, and
E. and the phases ¢, ¢,, and ¢,. The complex electric field vector can be denoted with

Ey(t)
E.(Ft)=| E,@t) |. (1.13)
E.(t)

The planes of constant phase of Eqn.(1.11), wt — k7= const., are orthogonal to the wave
vector k. The wavenumber k = |l§ | can not be chosen independently of w, the dispersion relation
k% = w?/c? has to be met to let Eqn.(1.10) solve Eqn.(1.9). The physical meaning of k is that of
a spatial frequency, e.g., two planes of constant phase are separated by the distance A = 27 /k,
which is called the wavelength. In vacuum, the wavelength is A\g = 27 /kg = 2wco/w = co/ f,
where co ~ 3 - 108 m/s is the velocity of light in vacuum and f = w/27 is the frequency.

Elliptical polarized light

Consider a time-harmonic monochromatic plane wave in an ideal dielectric medium traveling in
the z-direction of the Cartesian coordinate system, i.e., k-7 = kz with k = ke’ (see Fig.(1.1)).
The electric field lies in the (z,y) plane, i.e., k- E = 0, and is generally described by [13][12]

. b \
E(z,t) =% K ?jzﬂ% ) eﬂwt’“)] . (1.14)
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The complex 2-row column vector in Eqn.(1.14) is called the Jones polarization vector, E 7. The
plane wave propagates along the z-axis with a wavelength A = 27 /k. The two field components
in the (x,y) plane complete full cycles with the angular frequency w. The polarization of the
wave is governed by the electric field evolution in the (z,y) plane [12].

Converting Eqn.(1.14) to its real-valued counterpart, the electric field vector is [12]

E(z,t) = B, cos (wt — kz 4 ¢p)éz + Eycos (wt — kz + ¢y)éy. (1.15)

Since only the relative phase positions are important, ¢, is set to zero and ¢, is set to the phase
difference ¢ = ¢, — ¢, [13]. Equation (1.15) describes an ellipse in the plane perpendicular to
€,. The light is elliptical polarized. That is, at a fixed value of z, the tip of the electric field
vector rotates periodically in the (x,y) plane, tracing out an ellipse (see Fig.(1.2a)). When the
electric field vector at a fixed position z rotates in a clockwise direction when viewed from the
direction toward which the wave is approaching, the light is said to be right-hand elliptical
polarized. While in the case of counterclockwise rotation the light is said to be left-hand
elliptical polarized. At a fixed time ¢, the locus of the tip of the electric field vector follows
a helical trajectory in space lying on the surface of an elliptical cylinder. The electric field
rotates as the wave advances, repeating its motion periodically for each distance corresponding
to the wavelength A (see Fig.(1.2b)) [13].

y 4 o

iV avd
VAR VAVAR /A

(a) (b)

Figure 1.2: (a) Rotation of the endpoint of the electric field vector in the (x,y) plane at a fixed
position z and (b) a snapshot of the trajectory of the endpoint of the electric field vector at a
fixed time t of elliptical polarized light (A ... wavelength) [13]

The field amplitudes as projected along the €; and ¢, directions are

x = FE;cos(wt—kz), (1.16)
y = Eycos(wt—Fkz+ ). (1.17)

Equation (1.16) and (1.17) are the parametric equations of an ellipse [13],

x? y? 2xy

2Rl )

cos ¢ = sin? . (1.18)

There are three independent variables that govern the shape of the ellipse: E,, Fy, and ¢.
Because as any ellipse has a major and a minor axes, a coordinate system, (u,v), can be
defined to align to these axes. In the (u,v) basis the elliptical equation is

u?  v?

2,

=1 1.19
! , (1.19)
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where the major and minor axes of the ellipse, (a,b), are the projections onto the v and v axes
[12].

The state of polarization (SOP) of the wave is determined by the shape of the ellipse, i.e.
by the parameters e and 7 of the polarization ellipse (see Fig.(1.3)): The ellipticity e is defined
as [12]

b
t =- 1.2
ane= - (1.20)

and describes the length ratio of the minor to the major axis of the ellipse. The ellipses

P <

Figure 1.3: Polarization ellipse (a ... major axis, b ... minor axis, € ... ellipticity, 7 ... azimuth)
[17]

described by equation (1.18) and (1.19) are related by a rotation 7, called azimuth, i.e. [12],

(2)=( o o) o

There are three general categories of polarization states depending on the shape of the
ellipse: elliptical, linear, and circular SOPs.

Linear polarized light

If one of the components £, or E, vanishes, the light is linear polarized. The wave is also
linear polarized if the phase difference ¢ equals 0 or 7, since Eqn.(1.17) gives y = +(E,/E;)x.
As illustrated in Fig.(1.4a), latter is the equation of a straight line with a slope £E,/E, (the
+ and — signs correspond to ¢ = 0 or 7). The elliptical cylinder in Fig.(1.2b) collapses into a
plane as illustrated in Fig.(1.4b). If £, = E, the plane of polarization is offset by an angle of
n = +45° from the z axis, if £, = —F,,, the wave is said to be —45° linear polarized [13].

Circular polarized light

If ¢ = £7/2 and E, = E, = Ey, Eqn.(1.16) and Eqn.(1.17) read 2 = Epcos(wt) and y =
FEpsin(wt), from which 2 + y? = E2 can be deduced, which is the equation of a circle (see
Fig(1.5a)). The elliptical cylinder in Fig.(1.2b) becomes circular and the wave is said to be
circular polarized (see Fig.(1.5b)). In the case of ¢ = +m/2, the electric field vector at a fixed
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(a) (b)

Figure 1.4: (a) Time course at a fixed position z and (b) a snapshot at a fixed time ¢ of the
electrical field vector of linear polarized light [13]

position z rotates in a clockwise direction when viewed from the direction toward which the
wave is approaching. The light is then said to be right-hand circular (RHC) polarized [13].
The case of ¢ = —m/2 corresponds to a counterclockwise rotation of the electric field vector
and left-hand circular (LHC) polarized light (see Fig.(1.5)).

y y

A X

Right - <~ <
\ \ \ \ \ \ )/ \ \
\ \ \ \ 1 1 \ 1 \ \ 1
1 Lfitd
] ] | N ] ] [
' I ] I I ! I ! | Z
Y LN U V4 VA A U U V)

P» <
o]

Left

\ &

\
/

(a) (b)

Figure 1.5: (a) Time courses at a fixed position z and (b) snapshots at a fixed time ¢ of the
electrical field vector of right-hand and left-hand circular polarized light [13]

The Poincaré sphere

For a fixed polarization state, the Jones vector [12],

. E,
E;= ( B, ) (1.22)

defines unambiguously the SOP of light at any instant of time.
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Another conventional description of the polarization state is based on the Stokes vector,
defined as [12]
So
. S,
= . 1.2
S S, (1.23)
S3

The components of the vector are called Stokes parameters and can be calculated as [12]

So = (Ei+E})/2

S1 = (E;-E))/2,

Sy = EgE,cos,

Sz = E,E,sin¢. (1.24)

The components have the following physical interpretations [17]:
e 5 is the optical intensity,

e S is the intensity difference between horizontal and vertical polarized components.
When S is positive, the preference is for horizontal polarization (i.e., for linear polar-
ization in z-direction) and when it is negative, the preference is for vertical polarization
(i.e., for linear polarization in y-direction).

e S5 indicates the preference for +45° or —45° SOPs. A positive So implies a preference
towards +45° linear polarization.

e S5 gives the preference for RHC and LHC polarization. A positive S3 implies a preference
towards RHC polarization.

Every possible polarization state for completely polarized light (see Section 2.2.3) can be
represented on the surface of an unit sphere called the Poincaré sphere (see Fig.(1.6)), where

the Stokes components S; with ¢ = 1,2,3 are normalized by the intensity component Sy
[12][17],
Si
;= —. 1.25
Si S() ( )

The equator of the sphere represents various forms of linear polarizations. Right-hand and
left-hand circular SOPs are located at the poles of the sphere. Other points represent elliptical
polarized light, where right-hand elliptical SOPs are in the northern hemisphere and left-hand
elliptical SOPs are in the southern hemisphere. Points at the opposite ends of a line passing
through the center of the sphere represent orthogonal polarization states [17].

It is useful to connect the Stokes vector with the parameters of the polarization ellipse (see
Fig.(1.3)):

§1 = co0s2ncos 2,
S§2 = sin2ncos 2e,
s3 = sin2e. (1.26)

Azimuth, 7, and ellipticity, €, can be interpreted as angles in the Poincaré sphere (see Fig.
(1.6)) [17].
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Figure 1.6: Poincaré sphere (RHC ... right-hand circular, LHC ... left-hand circular,
e ... ellipticity, n ... azimuth) [17]

1.2.2 PolSK transmitter

In this section I will present a polarization shift keying (PolSK) system, which I implemented
in VPItransmissionMaker. VPItransmissionMaker is a software helping to design and to sim-
ulate optical transmission systems. First I want to describe the modeling of the transmitter
of the PolSK system where the optical field is polarization modulated by means of a polariza-
tion modulator (PolM) module. Starting from a linear polarized laser field, the polarization
modulator generates two orthogonal polarization states, which correspond to ’1’ and ’0’ bits
[1]. Then two receiver structures for the absence and the presence of optical amplification
will be presented and their performances are compared with the performances of OOK re-
ceivers. Finally, non-idealities are included in the PolSK receiver to estimate penalties in its
performance, when real, non-ideal optical and electrical devices are used.

Polarization modulator

The VPI PolM module shown in Fig.(1.7) applies polarization modulation to encode digital
data in orthogonal SOPs of an optical carrier. For a logical "1’ the output signal is linear
polarized (e = 0°) at an angle of n = —45° and for a logical ’0’ the output signal is linear

polarized at an angle of n = 4+45° [18].

Figure 1.7: VPI photonics polarization modulator module [18]

Figure (1.8) shows the implementation of the PolM module within VPI. The polarization
state of the input signal is adjusted to a linear polarization at an angle of +45° by means
of a polarization controller (ellipticity: ¢ = 0°, azimuth: n = +45°) [18]. The +45° linear
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Stream

Figure 1.8: Implementation of the PolM module (PBS ... polarization beam splitter,
PM ... phase modulator, PBC ... polarization beam combiner) [18]

polarized light then enters a polarization beam splitter (PBS), which can be considered as two
ideal linear polarizers oriented orthogonal to each other. The function of an ideal polarizer
is to transmit the linear polarized component of the input light which coincides with the
transmission axis of the polarizer and to completely remove the orthogonal component (see
Fig.(1.9)) [18]. The output ports of the PBS then correspond to the z- and y-polarization

Figure 1.9: Function of a linear polarizer (E ... electric field vector, 7 ... azimuth) [18§]

components of the incident light. Depending on the input data stream, phase modulation
is applied to the y-component of the signal (see Fig.(1.8)). The output signal of the phase

—

modulator (PM), Eyu(t), is given by
Eout(t) = Ein(t) - expljAp data(t)], (1.27)

where Ein(t) denotes the input optical signal of the PM, data(t) can be "1’ or '0’, and
Ap = 180° denotes the phase difference between marks and spaces [18]. A polarization beam
combiner (PBC) then combines the z- and phase modulated y-component at the output of the
polarization modulator. When the input data is 0’ no phase modulation is applied and 45°
linear polarized light appears at the output of the PolM. If there is a "1’ at the input data, the
y-polarization component is phase shifted by 180 °, and —45° linear polarized light appears at
the output of the PolM.

The realization of an PolM module to transmit any orthogonal SOPs is possible in VPI by
adjusting the polarization controller and the PBS. For example, ’0’ bits can be transmitted
via left-hand circular polarized light and ’1’ bits via right-hand circular polarized light when
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the ellipticity of the polarization controller is set to € = +45°, the azimuth is set to n = 0°,
and the linear PBS is replaced with an PBS for circular polarized light.

Transmitter

The implementation of the whole PolSK transmitter (TX) is shown in Fig.(1.10), using the
parameters as given in Tab.(1.1).

Tranzmitter W Laser

*“f" Polarization
MRZ Coder L toculator

10| ﬂﬂ+4f —=»

PRE= Rize Titne
Generatar Adjustment

Figure 1.10: Implementation of PolSK transmitter (CW ... continuous wave, PRBS ... pseudo
random bit sequence, NRZ ... non return to zero)

Parameter Value
Emission frequency f=193.1THz
Average power P=1mW
Laser Linewidth Af=0Hz
Azimuth n=0°
Ellipticity e=0°
Output data type | Blocks (see Appendix A.2)
Bit rate R = 1Gbit/s
PRBS Type of bit stream | PRBS (see Appendix B.1)
Mark probability 0.5
;;;‘;&fﬁt 10/90-Rise time Atyg/90 = 0.25 1

Table 1.1: Parameters of PolSK transmitter (PRBS ... pseudo random bit sequence)

A continuous wave (CW) laser emits light at the wavelength A = 1.55 um and is feed to
the carrier input of the PolM. A pseudo random bit sequence (PRBS) generator creates the
data bit sequence which is then encoded by a non return to zero (NRZ) coder. An NRZ
pulse remains at a constant value over the entire bit duration, i.e., the 1’ is coded by a power
level P; with non-zero amplitude and the ’0’ by a power level Py with zero amplitude (see
Fig.(1.11)) [18]. The module to adjust the rise time of NRZ pulses is a Gaussian filter that
transforms rectangular electrical input pulses into smoother output pulses with a user-defined
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Figure 1.11: NRZ coded 1’ and ’0’ bits (P, ... power level '1’ bit, Py ... power level '0’ bit,
Tp ... bit duration, t ... time) [18]

10/90-rise time Atyg/99 (see Fig.(1.12)) [18]. As illustrated in Fig.(1.10) the NRZ coded bit

x(t) 4 y(t) 4
90% —— — —
— h(t) -
>t 10% f -~~~ - At

Figure 1.12: Output pulses y(t) with an user-defined rise-time At gy are generated by filtering
input pulses z(t) with a Gaussian-shaped filter h(t) [18].

sequence generated by the PRBS module is modulated onto the SOP of the light produced by
the CW laser by means of the PolM module.

At the output of the PolSK TX the SOP of 1’ and ’0’ bits as determined by the Stokes
parameters can be visualized in the Poincaré sphere. For binary PolSK the information is
sent by switching the polarization of the transmitted lightwave between two orthogonal SOPs.
In the Poincaré sphere two orthogonal SOPs map onto opposite points with respect to the
origin [8]. In my work the SOPs of ’1” and ’0’ bits are located at —S3 on the equator of
the Poincaré Sphere equivalent to —45 ° linear polarized light and at 4+S3 equivalent to +45°
linear polarized light (see Fig.(1.13)).

The optical power at the output of the PolSK TX stays constant over time (see Fig.(1.14)).
Thus, fullest utilization of the output power of a laser transmitter is obtained by polarization
modulation [19].

1.3 Receivers without optical amplification

Receiver structures for the direct detection of binary digital optical modulation schemes em-
ploying polarization modulation can be realized as shown in Fig.(1.15), the logical ’0’ and
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Horizontal
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Figure 1.13: SOPs after the PolSK TX: 0’ bit at +45° and "1’ bit at —45° (RHC ... right-hand

circular)

Power 4
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0 >
Time

Figure 1.14: Optical signal over time after PolSK TX

"1’ are represented by orthogonal SOPs, which are received by two photodetectors. The out-
put signals from these photodetectors are fed to a subtractor, which is then connected to a
decision circuit [19]. T will present three different receiver (RX) structures to detect polar-
ization modulated light and compare these with on-off keying (OOK) systems: The single
PolSK (SPolSK) receiver using only one photodiode with transimpedance amplifier, the bal-
anced PolSK (BPolSK) receiver with two photodiodes and transimpedance amplifiers in the
’0” and ’1’ branches, and an BPolSK receiver with differential amplifier.

1.3.1 Introduction

All functional components of a digital receiver without optical amplification as implemented
in VPI are illustrated in Fig.(1.16). The photodiode converts the optical input signal into
an electrical current, I. The electrical signal resulting from photodetection is then amplified
by means of a transimpedance amplifier (TIA). The lowpass filter determines the electrical
bandwidth of the receiver. The digital information present in the received signal and the
digital clock must then be recovered. The recovered clock signal must have a stable and well
defined time relationship with the data bits because it is used by the decision circuit to examine
the optimum sampling instance. The decision circuit is intended to turn the analog electrical
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Figure 1.15: Balanced PolSK RX (7 ... azimuth)

signal into a digital signal with well-defined current levels. All input levels exceeding a certain
threshold level will result in a logical '1’, all input levels below the threshold will produce a
logical "0’ [18].

Lowpass Decision
Filter Circuit

ut, & DD O] o

Data=zeroif | = Threshold

Fhotodiode Clock Data=oneifl = Threshold
wiith Recovery
Transimpedance
Amplifier

Figure 1.16: Digital receiver (I ... current)

PIN photodiode

The photodiode is one of the key components of the optical receiver, converting optical power,
P, into electrical current, I, due to the photoelectric effect. The fluctuations of the electric
current are regarded as noise, which is characterized by the standard deviation, o7, where the
variance is 02 = ((I — pr)?) with mean p; and (-) denotes the expectation value [13].

I(t) is the current due to the optical input signal P(¢). The optical signal is converted
into an electrical signal by the photodiode with finite conversion efficiency, (, called quantum
efficiency. The quantum efficiency is defined as [11]]20]

number of photocarriers produced  I(t)/e
number of incident photons ~ P(t)/hf’

¢= n<1, (1.28)

where e = 1.6-10719 C is the charge of a single electron and A f given in [J] is the photon energy
with Planck’s constant h = 6.626 - 10734 Js and frequency f. The photocurrent produced by
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the photodiode is then given by [11]]20]

I(t) = (%P(t) — SP(1). (1.29)
The responsivity S given in [A/W] of the photodiode is known as the current generated per
unit optical power.
Several sources of noise are inherent in the process of photon detection of an PIN photo-
diode [13]:

e Photon noise: The most fundamental source of noise is associated with the random
arrivals of the photons themselves, which are usually described by Poisson statistics.

e Photoelectron noise: For a photon detector with finite conversion efficiency ¢ (0 < ¢ < 1),
a single photon generates a photoelectron-hole pair with probability ¢ but fails to do so
with probability 1 — (. Because of the inherent randomness in this process of carrier
generation, it serves as a source of noise.

e Receiver circuit noise: The various components in the electrical circuitry of an optical
receiver, such as resistors and transistors, contribute to the receiver circuit noise. Circuit
noise results from the thermal motion of charged carriers in resistors and other dissipative
elements (thermal noise), and from fluctuations of charge carriers in transistors used in
the receiver amplifier. Thermal noise can be described by Gaussian statistics.

The output noise current of an PIN photodiode is therefore described by the sum of shot
noise, Iy, and thermal noise, Iy, [18],

In(t) = I3, () + I, (2): (1.30)

e I2(t) given in [A?] is the generated shot noise current associated with the quantum
nature of light (photon noise and photoelectron noise). The one-sided spectral density,
Ngp(t) given in [A/+/ Hz|, for an PIN photodiode is related to signal current and dark

current [18],
Nan(t) = \/2e(I(t) + Ip). (1.31)

A dark current, Ip, results from random electron-hole pairs generated thermally or by
tunneling [13]. It can be described by

Ip = L (expw%vd —1) , (1.32)

where I, is the temperature dependent reverse saturation current of the photodiode,
kp = 1.38 - 10723 J/K is the Boltzmann constant, T is the absolute temperature in
Kelvin and Vj is the voltage at the photodiode [18][11]. The current-noise according to
shot-noise is then [11]

I2,(t) = 2e(I(t) + Ip)Be = N2, (t) B, (1.33)

where B, is the electrical filter bandwidth after photodetection.
e I2(t) given in [ A?] is the thermal noise current, which arises from the random motions of
mobile carriers in resistive electrical materials at finite temperatures even in the absence
of an external electrical power source [13]. The current-noise according to thermal noise

is given by [18] ) ,
Ly (t) = Ny (8) Be, (1.34)

where Ny, (t) is the one-sided spectral density in [A/+/ Hz].
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Receiver noise

In Tab.(1.2) the most important parameters of the PIN photodiode with TTA and the electrical
lowpass filter as used for my simulations are listed.

Parameter Value
Responsivity S=105A/W
PIN
hotodiode Dark current Ip =1nA
P Thermal noise one-sided spectral density | Ny, = 31.5pA/V Hz
with TTIA . - -
Gain transimpedance amplifier Grra = 26dB
Electrical Transfer function Bessel
lowpass 3 dB bandwidth B, =0.75 GHz
filter Filter order 5

Table 1.2: Parameters of digital receiver as used for VPI simulations

The thermal noise current produced according to Eqn.(1.34) is
I3, =744-1071% A% (1.35)
with Ny, = 31.5-107'2 A/v/Hz and B, = 0.75 GHz (see Tab.(1.2)). The shot noise current at
an input power of P = —33 dBm according to Eqn.(1.33) and the parameters in Tab.(1.2) is
1%, =1.27-10710 A2, (1.36)

In receivers without optical preamplification, the dominant source of noise usually is the ther-
mal noise in the electronics of the receiver [11]. Thermal noise is Gaussian in nature, and if
the noise power is known, one can calculate the spreads in ’0’ and 1’ signals. These spreads
cause errors, as ‘1’ bits will occasionally be detected as '0’ bits, and vice versa. When the
noise probability density functions are known, the bit error ratio (BER) can be calculated
analytically (see Appendix B.2.1).

1.3.2 On-off keying system

In my work I compare the performance of the PolSK systems to an intensity modulated OOK
system. Latter is the most frequently used technique in direct detection optical communication
systems [4].

Transmitter

The parameters of the OOK transmitter are similar to the PolSK transmitter (see Tab.(1.1)).
The most important difference is the used modulator. OOK transmitters use an amplitude
modulator (AM), where the output signal of the AM, F,,:(t), is given by

Eout(t) = Eip(t) - v/data(t), (1.37)
with the optical input signal, Ej, (t), and the electrical modulation signal, data(t). The power
of the output signal, P,.;(t) = |Eou(t)|?, is then given by

Poui(t) = P (t) - data(t) (1.38)

with P, (t) = |E;n(t)|? being the input power of the optical carrier [18].

For comparison with SPolSK the optical signal at the output of the OOK transmitter is
—45° linear polarized by a polarization controller (ellipticity: e = 0°, azimuth: n = —45°)
(see Fig.(1.17)).
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Figure 1.17: Implementation of OOK transmitter (CW ... continuous wave, PRBS ... pseudo
random bit sequence, NRZ ... non return to zero)

Receiver

Figure (1.18) shows the whole OOK system as implemented in VPI. It comprises an OOK
transmitter module, which has been presented in Fig.(1.17), an attenuator to emulate the
free-space loss, the OOK receiver, and an BER estimator. The attenuator at the RX input is

Receiver Oy Chart
O Polatizer: Transimpedance Clock anst | f
Transmitter = -43° Arnplifier Recovery I
B[] ] [ O
Attenustor PIN Lowpass Bit Error W
Photodiode Filter Bl
Estimator

Figure 1.18: OOK system (7 ... azimuth)

required for the variation of the receiver input power (RIP) and is essential for most simulations
of the system, e.g., a simulation of BER versus RIP (which is seen later in this section). A
polarizer, which only transmits —45° linear polarized light, is situated behind the attenuator.
Thus, the OOK and SPolSK RX setup are identical. The PIN photodiode with transimpedance
amplifier, the lowpass filter, and the clock recovery are the same components as shown in
Fig.(1.16) with the same parameters as presented in Tab.(1.2). The decision element of the
OOK RX is situated in the BER estimator, it defines the sample time and the decision threshold
(see Appendix B.2) [18]. The BER estimator evaluates the bit error probability in the digital
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direct detection optical transmission system, where the statistics of the received optical signal,
as said in Section 1.3.1, are assumed to be Gaussian (see Appendix B.2.1).

The receiver input power corresponds to the peak power of the OOK system (which is
thus denominated as peak power limited). For example, if the peak power is Ppeqr = 1 mW
and given that the mark probability in the PRBS generator is 0.5 (see Tab.(1.1)), the average
power is equivalent to Pyyerage = 0.5mW. This is shown in Fig.(1.19). The calculated OOK

Power
[mW]
A

e TN T

P = 0.5 mW
: >
Time [ns]
Figure 1.19: Example of OOK receiver input power versus time (Ppeqr ... peak power,

Paverage .. average power)

receiver sensitivity (which is the receiver input power at a data rate of R = 1 Gbit/s and at
an BER =107 is Sgpx = —33dBm.

1.3.3 Single polarization shift keying system

The single PolSK system (shown in Fig.(1.20)) consists of an PolSK TX as introduced in
Subsection 1.2.2. The receiver is the same like in the OOK system presented above. The
SPolSK receiver is implemented with a single polarizer, which transmits only the '1’s and
discards the '0’s. The receiver sensitivity at a data rate of R = 1 Gbit/s and at an BER = 10"
in this peak-power limited system is Spx = —33 dBm, which is equal to OOK.

1.3.4 Balanced polarization shift keying system

Balanced PolSK systems use two polarizers to detect both '1’s and ’0’s. In Fig.(1.21) an
BPolSK system denoted as BPolSK1 is sketched. A —45° polarizer in the first branch passes
through the '1’s, which are —45° linear polarized and are detected by the PIN photodiode
with an TIA in the upper branch. A +45° polarizer in the second branch passes through
the '0’s, which are 4+45° linear polarized and are detected by the PIN photodiode with an
TTA in the lower branch. The subtractor subtracts the electrical signal of the ’1’ branch from
the electrical signal of the ’0’ branch, doubling the amplitude of the received signal compared
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Figure 1.20: Single PolSK system (7 ... azimuth)
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Figure 1.21: Balanced PolSK system (BPolSK1) with photodiode and transimpedance ampli-
fier in both detector branches (7 ... azimuth)

to SPolSK or OOK systems (see Fig.(1.22)). A drawback in the BPolSK1 RX is the doubled
noise as compared to SPolSK or OOK receivers. Due to two photodiodes with transimpedance
amplifiers the influence of the dark current, the shot noise, and the thermal noise has to be
counted twice. The receiver sensitivity of the BPolSK1 RX at a data rate of R = 1 Gbit/s
and at an BER = 1077 is Sgx = —34.5dBm. Thus, a gain in receiver sensitivity of 1.5dB is
reached with this system in comparison to SPolSK and OOK RXs.

Another implementation of a balanced PolSK system can be seen in Fig.(1.23). The receiver
is implemented with two photodiodes and a differential amplifier, this system is denoted as
BPolSK2 system. The differential amplifier is implemented within VPI with a subtractor and
subsequent transimpedance amplifier. The receiver sensitivity of the BPolSK2 system at a
data rate of R = 1 Gbit/s and at an BER = 10~ is Sgx = —36 dBm, provided that the gain
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Figure 1.22: Time signals after clock recovery at a receiver input power of P = —25dBm: (a)
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Figure 1.23: Balanced PolSK system (BPolSK2) with two photodiodes and one differential

amplifier (7 ...

azimuth)

and the noise spectral density of the differential amplifier is equal to the TTA used in BPolSK1,
i.e., a gain of Gpra = 26 dB and a noise current density of Ny, = 31.5- 1072 A/v/Hz. Thus,
compared to SPolSK a receiver sensitivity gain of 3dB is achieved. The 1.5dB gain over the
BPolSK1 system is caused by the reduction of the thermal noise by a factor of 2.

Comparison of systems

In Table (1.3) the required receiver input power (peak power) at a BER = 107Y and a data
rate R = 1 Gbit/s for thermal noise limited systems is listed.
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Noise statistics | RX sensitivity [dBm| | RX sensitivity [ppb]
OOK Gaussian -33 3921
SPolSK Gaussian -33 3921
BPolSK1 Gaussian —34.5 2776
BPolSK2 Gaussian —36 1965

Table 1.3: Receiver sensitivity in the case of thermal noise limited operation (ppb ... photons
per bit)

In Tab.(1.4) the gain in receiver sensitivities of PolSK systems compared to OOK systems
is itemized.

Gain in receiver sensitivity [dB]
OOK 0
SPolSK 0
BPolSK1 1.5
BPolSK2 3

Table 1.4: Gain in receiver sensitivity in the case of thermal noise limited operation relative
to OOK system with polarization control

This shows that in thermal noise limited systems BPolSK2 clearly outperforms OOK sys-
tems in terms of peak power by some 3dB. However, in average power limited systems, like
when using a booster Erbium-doped fiber amplifier (EDFA) in the transmitter, OOK and
BPolSK2 show similar performance.

1.4 Receivers with optical amplification

1.4.1 Introduction

Optical preamplification can be used to improve the receiver performance [11]. A simplified
diagram of an optically preamplified receiver is shown in Fig.(1.24): After the light is amplified
by means of an EDFA, it is optically bandpass filtered to suppress amplified spontaneous
emission (ASE) and background noise. The optical-to-electrical conversion again is done by
a photodiode module.

Optical -
Bandpass Lowpass Decision
Filter Filter Circuit

t5 = ] 0] R HEDHEHE} 3] o

Data=zero ifl = Threshaold

Dntical Ahotodiodg Sl Data= one if| = Threshold
Preamplifier with Recavery
Transimpedance
Armplifier

Figure 1.24: Optically preamplified receiver (I ... current)
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Optical amplifier

The underlying principle for achieving optical amplification of light is stimulated emission of
radiation [13]. Stimulated emission allows a photon in a given mode to induce an electron in
an upper energy level (E3) to undergo a transition to a lower energy level (E7) and, in the
process, to emit a clone photon into the same mode as the initial photon (a photon with the
same frequency, direction and polarization). These two photons can serve to stimulate the
emission of two additional photons, and so on. The result is light amplification. An essential
ingredient for achieving laser amplification is the presence of a greater number of atoms in the
upper energy level than in the lower level, denoted as population inversion [13].

The resonant medium that provides amplification by the process of stimulated emission
also generates spontaneous emission. If the electron is initially in the upper energy level,
it may drop spontaneously to the lower energy level and release its energy in the form of a
photon. The light arising from this process, which is independent of the input to the amplifier,
represents a fundamental source of laser amplifier noise. Whereas the amplified signal has a
specific frequency, direction and polarization, the ASE noise is broadband, multidirectional
and unpolarized. As a consequence it is possible to filter out some of this noise by a narrow
bandpass optical filter and a polarizer [13].

It is seen that a conventional optical amplifier has an associated ASE noise that is inherent
in the optical amplification process. An optical amplifier can therefore be modeled as a noise-
free linear amplifier combined with an additive white Gaussian noise source that extends over
the amplifier’s bandwidth [11].

The single-sided spectral density of the ASE noise, Nasg in [ W/ Hz], at the output of the
optical amplifier is given by [11][20]

No

Nase =p (G — 1)hfm =

p (G —1)hfngp, (1.39)
where p = 1 if only a single polarization is present at the amplifier’s output, G is the linear gain
of the amplifier, and ng), is the spontaneous emission factor [11]. The spontaneous emission
factor is determined by the population densities N; of the lower energy level and Ny of the
upper energy level [20].

The amplifier’s noise figure, F', can be related to the spontaneous emission factor, ), via
1]
2ng(G—-1) 1

G + el = 101log;[2n4p), (1.40)

in which the approximation is valid for a gain much larger than 1.
For optical amplifiers with a noise-bandwidth, which is equal to the optical bandwidth of
the subsequent bandpass filter, B,, the total amount of noise power caused by ASE is [11]

F =10 loglo

Pasg =pns(G —1)hfB, = p NasgBo. (1.41)

Because the PIN photodiode is a square-law detector for electric fields, the received signal
field mixes with the components of the ASE noise field which are polarized in the same direction
as the signal. This is called signal-ASE beat noise. The ASE noise will also mix with itself,
resulting in ASE-ASE beat noise [11][20]. The quadratic noise current IéignalfASE in [A?]
associated with the Signal-ASE term is given by [11][20][21]

Ig'ignalfASE = 4SQGPNASEB67 (142)
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and the quadratic noise current for the ASE-ASE term, 13¢5 4qp, in [A?] is [11][20][21]

Lisp—asg =D 2S°NigpBoBe,

(1.43)

where S is the photodiode’s responsivity, P is the receiver input power, and B, is the electrical
bandwidth of the RX.

Receiver noise

In Tab.(1.5) the most important parameters of the implemented receiver with optical pream-

plification are listed.

Parameter Value
Responsivity S=1.05A/W
PIN
photodiode Dark current Ip =1nA
. Thermal noise one-sided spectral density Ny, = 31.5pA/ VHz
with TTA _ ! .
Gain transimpedance amplifier Grra = 26dB
Electrical Transfer function Bessel
lowpass 3dB bandwidth B, =0.75 GHz
filter Filter order 5
Amplifier type gain controlled (see Appendix B.3)
Optical Gain G =39dB
amplifier Maximum output power Pout(maz) = 14.5dBm
Noise figure F=3.8dB
Noise bandwidth Basg = 64 GHz
Optical Transfer function Gaussian
bandpass Optical bandwidth B, = 1.6 GHz
filter Gaussian order 1

Table 1.5: Parameters of receiver with optical amplification as used for simulations

As mentioned in Section 1.3.1 the amount of noise present in the receiver determines
the receivers sensitivity. In the system with optical preamplification the single-sided spectral
density of ASE noise is given according to Eqn.(1.39) and Tab.(1.5) with

where the spontaneous emission factor is ng, = 0.87 (see Eqn.(1.40)).

Nasg =p-8.82-1071¢ W/Hz,

(1.44)

The quadratic noise

current for the signal-ASE term and a receiver input power of P = —45dBm is (see Eqn.(1.42))

and the current noise for the ASE-ASE term is (see Eqn.(1.43))

Iignal—asp = 7-33- 10710 A2,

Psp_asp =p-2.06-10712 A2,

(1.45)

(1.46)

The shot-noise term as given by Eqn.(1.33) for an input power of P = —45dBm is

2, =8.22.1071% A%

(1.47)
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and the noise current according to thermal noise is given by Eqn.(1.34) as
12, =744-1071 A2 (1.48)

For systems using optically preamplified receivers the ASE noise dominates all other noise
sources [22]. It is well known that in a baseband, direct-detection optical communication
system, the statistics of a received optical signal accompanied by optical noise, such as ASE
noise from optical amplifiers, are non-Gaussian [11]. In fact, since the total optical field in this
case consists of a signal field accompanied by a noise field with Gaussian-distributed amplitude,
the statistics of the electrical current after square law detection will follow a chi-squared (x?)
distribution. The x? probability density function will be affected by the process of electrical
low-pass filtering that typically follows detection. In the special case of the ideal integrate-and-
dump receiver (where the filtering action is performed by an integrator), it has been shown
that the statistics of the electrical signal remain x? [18]. It is therefore reasonable to assume
that in a wide range of receiver configurations, in which the ideal integrate-and-dump system
is approximated by a low pass filter followed by a sampling circuit, a xy? model for the received
optical beat noise statistics will be more suitable than the common Gaussian approximation
(see Appendix B.2.1) [18].

1.4.2 On-off keying system

In Figure (1.25) an OOK system using a receiver with optical preamplification is depicted. The
major difference to the OOK transmitter and receiver as given in Section 1.3.2 is the existence
of an optical amplifier and an optical bandpass filter in front of the PIN photodiode. The
parameters used for my simulation of the transmitter and the receiver are listed in Tab.(1.1)
and Tab.(1.5).

Receiver T
Q0K Optical Polarizet: Transimpedance Clock onst
Transmitter Presmplifier = _45° Amplifier Recovery I L
(7] B [ e
Altpruator Optical Al Lowpass Bit Efrol W
Bandpass Photodiode Fitter Rate
Filter Estitmator

Figure 1.25: OOK system with optical amplifier (7 ... azimuth)

For comparison with PolSK systems, polarized light is used also within the OOK system.
The receiver sensitivity for the OOK system at a data rate of R = 1 Gbit/s and at an BER =
10~ without polarized light is Sgx = —48.24dBm. The receiver sensitivity for the OOK
system with polarization control is Spx = —48.7dBm. Since the optical field at the input of
the OOK receiver has a given polarization state while the ASE noise is completely unpolarized,
the performance of the OOK system can be improved by placing a polarization filter in front
of the photodetector. The polarizer then reduces the ASE noise by a factor of 2 [1].
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In Fig.(1.26), the RX sensitivity in photons per bit [ppb] versus the optical filter bandwidth
of the bandpass given in multiples of the bit rate [R] is depicted. The optimum filter bandwidth
is B, = 1.6 GHz, where 106 photons per bit (Spx = —48,7dBm @ R = 1 Gbit/s) are necessary
to achieve an BER = 107Y.

140

OOK Receiver Sensitivity [pp

100375 7 9 11131517 19 21 23 25
Optical Bandwidth BO [R]

Figure 1.26: OOK receiver sensitivity in photons per bit [ppb] versus optical filter bandwidth
(R ... bit rate)

1.4.3 Single polarization shift keying system

An SPolSK system using a receiver with optical preamplification can be seen in Fig.(1.27).
The PolSK transmitter was already presented in Section 1.2.2. The RX is almost the same as
the SPolSK RX presented in Section 1.3.3, but contains an additional optical preamplifier and
a bandpass filter. The BER estimator uses x? noise statistics to account for the ASE noise.
Parameters of TX and RX as used for my simulations are listed in Tab.(1.1) and Tab.(1.5).

Receiver
K Chart
Otical Polarizer: Transimpedance Clock onst f
Pol=k Prearmplifier i==33 Amplifier Recovery
Tranzmitter
Afteruator Optical PN Lowpass Bit Errat
Eandpaszs Photodiode Fitter Rate
Fiter E=timatar

Figure 1.27: Single PolSK system with optical preamplification (7 ... azimuth)
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The simulated receiver sensitivity for the SPolSK system with optical amplification is
Srx = —49.09dBm. The SPolSK RX shows a slightly better performance than the OOK
RX because if perfect extinction is assumed at the polarizer, beating at the photodiode only
produces an ASE/2-ASE/2 term at the '0’ level (see Fig.(1.28)), while in OOK systems a
signal-ASE/2 and ASE/2-ASE/2 term is produced during a logical '0’ (see Fig.(1.29)). As
presented in Section 1.4.1 the noise current of the signal-ASE term (Eqn.(1.45)) usually is
higher than the term due to ASE-ASE beating (Eqn.(1.46) with p = 1) for small optical
filter bandwidths [23]. The beating noise after the photodiode in SPolSK systems with perfect
polarization extinction is thus smaller than in OOK systems, which is the reason for the better
performance of the SPolSK receiver.

Fecsi
BCEVEr ot
Polsk

Tranzmitter I
S ) [ M H R HOHPRE
P EER= SR = YhPT-ASESRZ + ASER-ASES2
"0 PO "0 P ASER 0 ASEL2-ASER
ASE + thermal noise

+ zhiot naoise [+Hd+HASE)

Figure 1.28: SPolSK system with optical amplification (P ... power level '0’ bit, P; ... power
level ’1’ bit, ASE ... amplified spontaneous emission, I ... electrical current due to signal,
Ip ... dark current, I4sp ... electrical current due to ASE noise)
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polarized 0 Po - P 0t Pl 0" PO-ASESZ + ASE/Z-ASESZ
light ASE ASE(? +thetrmal noise
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Figure 1.29: OOK system with optical amplification (P ... power level '0’ bit, P; ... power
level '1” bit, ASE ... amplified spontaneous emission, I ... electrical current due to signal,
Ip ... dark current, I4sp ... electrical current due to ASE noise)

Figure (1.30) shows the probability density function (PDF) of the ’0’ bits for SPolSK and
OOK at an RIP = —49.1dBm. It can be seen that the mean value of the ’0’ bits for SPolSK
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is 39.4 A (ASE/2-ASE/2 beating), which is less than the mean value for OOK of 48.2 A
(signal-ASE/2 and ASE/2-ASE/2 beating).

PDF PDF

39.4e-6 2e-4 48.2e-6 2e-4
Amplitude [A]

(a) (b)

Figure 1.30: Propability density function (PDF) of ’0” bits for (a) SPolSK and (b) OOK system
with optical amplification (at an RIP of P = —49.1 dBm)

1.4.4 Balanced polarization shift keying system

A balanced PolSK system using a receiver with optical preamplification is shown in Fig.(1.31).
The parameters are the same as for the BPolSK system without optical preamplifier (see
Tab.(1.1) and Tab.(1.5)).

An BER estimator designed for balanced detection is used. The simulation uses the x?
assumption for signal-ASE and ASE-ASE beat noise. For example, when a logical ’1’ is
received, the optical signal mixes with optical ASE noise and ASE mixes with ASE at the
detector in the upper branch, leading to signal-ASE and ASE-ASE beating. No signal is
present in the lower branch and there occurs only ASE-ASE beat noise at the detector. The
signal samples at the inputs of the balanced detection BER module are divided into two
groups, one corresponding to the detection of optical signals mixed with noise, and another
corresponding to the detection of noise only. Each of these groups of samples is fitted by a
noncentral x? distribution (see Appendix B.2.2) [18].

The subtraction of the signal in the upper branch and the signal in the lower branch is
realized in the balanced detection BER estimator. I designed a special clock recovery for the ’0’
branch, where the data sequence is inverted compared to the transmitted pattern. As shown
in Fig.(1.32) the signal has to be inverted before and after the VPI clock recovery module.

The achievable receiver sensitivity of an BPolSK system at BER = 10~ in the case of
ASE limited operation is Sgpx = —51.55dBm, independent of the thermal noise evoked in
the receiver’s electronics. Thus, it has no influence how the electronic part of the receiver is
realized. FEither a photodiode with TIA in each branch or two photodiodes and one differential
amplifier can be used [1]. In comparison with SPolSK a gain of 2.46 dB in receiver sensitivity
is achieved. A gain of 3 dB like in systems without optical amplification is not possible because
additional beating noise terms impair the performance. In the BPolSK system the noise terms
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Figure 1.31: Balanced PolSK system with optical amplification (7 ... azimuth)
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Figure 1.32: Clock recovery for ’0’ branch

at the decision element include signal-ASE/2 and two times the ASE/2-ASE/2 noise (see
Fig.(1.33)), while in an SPolSK system the noise current is only due to signal-ASE/2 and
ASE/2-ASE/2 for a logical ’1” and due to ASE/2-ASE/2 for a logical ’0’ (see Fig.(1.28)).

Figure (1.34) gives the RX sensitivity in photons per bit [ppb] versus the optical filter
bandwidth in multiples of the bit rate [R]. The optimum filter bandwidth is B, = 1.3 GHz,
leading to 53 photons per bit (Sgpx = —51,72dBm @ R = 1 Gbit/s) necessary to achieve a
BER of 107°.

Comparison of systems with optically preamplified receivers

In Table (1.6) the required receiver input (peak) power at an BER = 107 for systems with
optical preamplifiers is listed.

In Tab.(1.7) the gain in receiver sensitivities of PolSK systems compared to an OOK system
with polarization control is listed.

This shows that in ASE noise limited systems PolSK outperforms OOK systems in terms
of peak power. SPolSK reaches a gain of 0.4dB compared to OOK systems because of less
beating noise in the receiver. The performance of the BPolSK RX is 2.9dB better than that
of the OOK RX. A 3dB gain is not reached because of additional beating noise terms in the
BPolSK RX.
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Figure 1.33: BPolSK system with optical preamplification (Fy ...

power level ’1’ bit, ASE ... amplified spontaneous emission, [ ...

signal, Ip ... dark current, I4g5g ...

electrical current due to ASE noise)
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Figure 1.34: BPolSK receiver sensitivity in photons per bit [ppb| versus optical filter bandwidth

(R ... bit rate)

Noise statistics

RX sensitivity [dBm]

RX sensitivity [ppb]

OOK x° —48.2 118

OOK (with polarization control) % —48.7 106
SPolSK % —49.1 96

BPolSK % —51.6 54

Table 1.6: Receiver sensitivity in the case of ASE noise limited operation (ppb ... photons per

bit)
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Gain in receiver sensitivity [dB]
OOK (with polarization control) 0
SPolSK 0.4
BPolSK 2.9

Table 1.7: Gain in receiver sensitivity in the case of ASE noise limited operation

1.5 Non-idealities in the BPolSK receiver

In this section I investigate the non-idealities of components within the BPolSK receiver (which
was presented in Section 1.4.4) to allow for a realistic performance estimation. The non-
idealities correspond to non-ideal optical and electrical devices used in practical realizations
of the receiver (see also Chapter 3).

A balanced PolSK receiver, as implemented in my simulations, is shown in Fig.(1.35).
The polarization modulated optical input signal first enters an optical amplifier followed by
an optical bandpass filter. Then the signal enters a polarization beam splitter. The PBS is
realized with two polarizers, which pass through —45° polarized light (equivalent to logical
'1’s) in the upper branch and +45° polarized light (equivalent to logical ’0’s) in the lower
branch. The optical power in both branches is then converted into an electrical current by a
PIN photodiode with an TIA. After low pass filtering the two electrical signals are subtracted.
The electrical signal after clock recovery is then passed to a decision unit.

Optical

il i 3 D i
Ea:ﬁiiss "l" | 1* s [\ |+ Subtractor Girchit
"‘-\.\.'
e D=1 [0 L& [HE v

Optical Pl" T %* » @ 3 [\\ -l Clock

Armplifier Recovery
o Lowpass
Polarization PIN Photodiode Fitter
Beam Splitter with
Transimpedance
Amplifier

Figure 1.35: BPolSK receiver with optical preamplification

1.5.1 Non-ideal polarization beam splitter

In Fig.(1.36) an ideal polarization beam spitter is depicted. A non-ideality in the PBS can be
a deviation of the polarizers transmission axes (see Section 1.2.2) from the incident polarized
light, which is —45° linear polarized for a logical ’1’ and +45° linear polarized for a logical
0.

Figure (1.37) depicts the penalty in receiver sensitivity versus an offset angle v from the
transmission axis of the +45° linear polarized light, i.e., the logical ’1’ is perfectly detected,
while the logical '0’ is not. The two curves, which are plotted in Fig.(1.37), represent the cases
of using an adaptive threshold and an absolute decision threshold of D = 0 A (see Appendix
B.2). The receiver’s performance experiences more losses when an absolute threshold is applied.
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Figure 1.36: Schematic of an ideal PBS
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Figure 1.37: Sensitivity penalty in BPolSK RX versus offset angle v relative to +45 ° polarized
light

In Fig.(1.38) the penalties in RX sensitivity using adaptive thresholding are plotted versus
an offset angle v of the transmission axis of one or both polarizers from the state of polarization
of the incoming light. The dashed curve is assigned to a deviation of the transmission axis
of one polarizer, which is equivalent to the deviation plotted in Fig.(1.37). The solid curve
represents the penalty in RX sensitivity versus a total offset angle of the transmission axes of
both polarizers, e.g., an offset angle of v = 10° relates to a deviation of one transmission axis
of v/2 = 5°. The latter curve does not depend on the kind of threshold used.

The explanation for the different performances in Fig.(1.38) lies in plane geometry. In
Fig.(1.39) the projections of a 60° linear polarizer on 45° linear polarized light and the pro-
jection of a —60 © linear polarizer on —45 ° linear polarized light can be seen. This is equivalent
to a total offset angle of v = 30°. Furthermore, a projection of a 75° linear polarizer on the
incident light is depicted, which also corresponds to an offset angle of v = 30°. The difference
of 1’ and ’0’ levels in the first case is bigger than the difference in the second case. Thus,
the BER probability is higher for a deviation of the transmission axis of only one polarizer
compared to an equal total deviation of the transmission axes of both polarizers.

Figure (1.40) shows the penalty in receiver sensitivity plotted over an total offset angle v of
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Figure 1.38: Sensitivity penalty in BPolSK RX versus offset angle « of one or both polarizers
from the state of polarization of the incoming light (adaptive thresholding)
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Figure 1.39: Projections of polarizers on incident light

the transmission axes of both polarizers. The two curves represent an orthogonality-preserving
deviation of the transmission axes and a non-orthogonal deviation of the transmission axes.
The performances are similar for both kinds of deviations because the projections of the



CHAPTER 1. POLARIZATION SHIFT KEYING SYSTEMS 33

transmission axes of the polarizers on the incident light are equal. The difference between
the curves of maximal 0.15dB are due to a limited simulation accuracy of the software. Both
curves does not depend on the kind of threshold used (see Fig.(1.38) and Fig.(1.41)).

[F5]

2
in

- A-‘.. 1 - -
PBSY y/2

2

—_

(=
n

Penalty in Receiver Sensitivity [dB]

=]

I I I
0 5 10 15 20 25 30
Offset Angle v [°]

Figure 1.40: Sensitivity penalty in BPolSK RX versus total offset angle v of both polarizers
from the state of polarization of the incoming light

In Fig.(1.41) the penalty in RX sensitivity is plotted versus a total offset angle v of the
transmission axes of both polarizers. Here, the orthogonality of the polarizers is preserved.
The two curves represent an adaptive threshold of the decision unit and an absolute threshold
of 0A. There is no difference in the RX performances for both curves within the allowed
simulation accuracy of 0.15dB.

1.5.2 Non-ideal PIN photodiode with transimpedance amplifier

Other non-idealities in the BPolSK RX arise in PIN photodiodes with TIAs (see Fig.(1.35)).
For example, there can be a deviation in the gain of the TIAs in both branches relative to each
other. Figure (1.42) shows the penalty in receiver sensitivity versus a gain offset in the TTA
of one branch with an initial gain of 26 dB. It is shown that the performance of the receiver is
much better for an adaptive decision threshold than for an absolute threshold of 0 A.
Another non-ideality that can occur in PIN photodiodes with TIAs may be a difference
in the responsivities of the photodiodes. It can be described with a responsivity imbalance, (3,
which is defined as [24]
Sa—Sgp
Sa+Sp’
where S4 and Sp are the PIN photodiodes responsivities in the upper and in the lower branch
of the BPolSK receiver. Balanced detection, where (3 is equal to 0, is reached for S4 = Sp.
Figure (1.43) shows the penalty in the RX sensitivity for an adaptive and an absolute decision
threshold (0A) versus a responsivity imbalance. For 3 = 1, i.e., the responsivity of the

8= (1.49)
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Figure 1.41: Sensitivity penalty in BPolSK RX versus total offset angle v of both polarizers
from the state of polarization of the incoming light
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Figure 1.42: Sensitivity penalty in BPolSK RX versus TIA gain offset in one branch

photodiode in the lower branch is set to zero (Sp = 0), the BPolSK RX is equivalent to the
SPolSK RX introduced in Section 1.4.3. Thus, the penalty in the sensitivity of the BPolSK
RX for 8 = 1 should be 2.5 dB, this is equivalent to the gain of 2.5 dB in the receiver sensitivity
of the BPolSK RX compared to the SPolSK RX (see Tab.(1.7)). According to Fig.(1.43) there
occur a penalty of 2.6 dB, the 0.1dB difference is due to an inaccuracy of the simulation of
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Figure 1.43: Sensitivity penalty in BPolSK RX versus responsivity imbalance

1.5.3 Non-ideal optical and electrical wires

Finally, there can occur non-idealities in the optical and electrical wires of the BPolSK RX.
Thus, I simulate a delay difference in the detector branches of the receiver shown in Fig.(1.44).
In Fig.(1.45) the penalty of the RX sensitivity versus a delay difference, 7, in the receiver
branches is depicted. The 7 is plotted in multiples of 1/R. There is no difference in the
performance of the RX for an adaptive or an absolute (0 A) decision threshold.
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Figure 1.44: BPolSK receiver with optical preamplification and a delay 7 in the upper branch
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Figure 1.45: Sensitivity penalty in BPolSK RX versus a delay 7 in detector branches
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Chapter 2

Impact of the Atmosphere on
Polarization

2.1 Introduction

Systems employing polarization modulation can be used for communication links between
ground stations on earth, high-altitude platforms, and satellites [23]. Thus, the potential in-
fluence of the atmosphere on the polarization of a laser beam has to be assessed. In this
chapter I present some literature research on this topic. First, I introduce the optical co-
herence theory, which describes random light, especially the concept of partial polarization
and depolarization. Then, four possible impacts of the atmosphere on the polarization of a
laser beam are presented, namely depolarization, birefringence, rotation of the angle of linear
polarization, and polarization filtering. Quantitatively this effects can be assessed by means
of polarimetry, a field of research in astronomy.

2.2 Optical coherence

The study of the random fluctuations of light is known as the theory of optical coherence.
Randomness in light arises because of unpredictable fluctuations of the field of the light source
or of the medium through which light propagates (e.g., it propagates through the random
atmosphere) [13]. Even light from a well stabilized light source, such as a laser, will exhibit
some random fluctuations, since the effect of spontaneous emission is never entirely absent
[25].

In the preceding chapter it was assumed that light is deterministic or ”coherent”. An
example of coherent light is the monochromatic wave, E(7,t) = R[E(7)e’“!] = R[E.(7,t)]
(scalar version of Eqn.(1.8)) with the complex wavefunction E.(7,t), for which the complex
amplitude F(7) is a deterministic complex function, e.g., E(7) = E(E)e*jg"? in the case of
a plane wave (scalar version of Eqn.(1.10)). The dependence of the wavefunction on time
and position is perfectly periodic and predictable. On the other hand, for random light the
dependence of the wavefunction on time and position is not totally predictable and cannot
generally be described without resorting to statistical methods [13].

37
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2.2.1 Temporal coherence

Consider the fluctuations of stationary light at a fixed position 7 as a function of time. The
complex wavefunction, E.(t) (the 7 dependence is dropped, since 7 is fixed), is now modeled
as a stationary stochastic process [25]. A random process is statistically stationary, when its
statistical averages are invariant to the absolute time, ¢ [26].

The random fluctuations of E.(t) are characterized by a time scale representing the ”mem-
ory” of the random function. Fluctuations at points separated by a time interval longer than
the memory time are independent, so that the process ”forgets” itself. A quantitative mea-
sure of this temporal behavior is established by defining a statistical average known as the
autocorrelation function [13]

G(r) = (EX(O Bt + 7)), (2.1)

where the symbol (-) denotes an ensemble average over many realizations of the random pro-
cess. For an ergodic process [25], the statistical averaging operation can then be determined
by time averaging over a long time duration, 7', with [13]

T
()= gim o [ (2.2)
7

In optical coherence theory the autocorrelation function, G(7), is known as the temporal co-
herence function [13]. This function carries information about both the intensity of stationary
light, I = G(0), and the degree of correlation (coherence), g(7). The complex degree of
temporal coherence is defined as [13]
*
o(r) = G(r) _ (E} (i)Ec(t + 7‘)> (2.3)
G(0) (Ez(t)Ec(t))

It’s absolute value cannot exceed unity, 0 < |g(7)[ < 1. When the light is deterministic
and monochromatic, i.e., E.(t) = Aexp(jwt), where A is a constant, Eqn.(2.3) gives g(7) =
exp(jwr), so that |g(7)] = 1 for all 7. The variables E.(t) and E.(t 4+ 7) are then completely
correlated for all time delays 7.

Usually, |g(7)| drops from its largest value as 7 increases and the fluctuations become
uncorrelated for a sufficiently large time delay. The value 7. at which the function |g(7)| drops
to the value 1/2 serves as a measure of the memory time of the fluctuations known as the
coherence time (see Fig.(2.1)) [13].

The autocorrelation function, G(7), of the stationary random process and the power spec-
tral density (or power spectrum), S(f), of the process form a Fourier transform pair [25][13]

S(f) = /_00 G(7) exp(—j2n fr)dr. (2.4)

This relation is known as the Wiener-Khinchin theorem. The spectral width, or linewidth of
the light is the width, Af, of the power spectrum. Because of the Fourier transform relation
between S(f) and G(7), their widths are inversely related. A light source of broad spectrum
has a short coherence time, whereas a light source with narrow linewidth has a long coherence
time.

In the limiting case of monochromatic light the temporal autocorrelation function is G(7) =
Iy exp(j2m foT), so that the corresponding spectral density, S(f) = Iod(f — fo), contains only
a single frequency component, fy. Thus, 7. = co and Af =0 [13].
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Light for which the coherence time is much longer than the differences of the time delays
encountered in the optical system of interest is effectively completely temporal coherent. That
is, the coherence length, [, = ¢, (c is the velocity of the light), is much greater than all optical
path length differences encountered. In this case the light is said to be quasi-monochromatic
[13], i.e., its bandwidth, Af, is small compared to its mean frequency, fo (see Fig.(2.1)) [25].

Et) -~ T le lg(v)| S(f)

Af

T . ‘r f!() 4>f

Figure 2.1: The magnitude of the complex degree of temporal coherence, |g(7)|, and the spec-
tral density, S(f), of a quasi-monochromatic random wave, E(t) = R[E.(t)], with coherence
time, 7., and linewidth, Af < fo [13].

2.2.2 Spatial coherence

An important descriptor of the spatial and temporal fluctuations of the random function
E.(7,t) is the cross-correlation function of E.(7],t) and E.(72,t) at pairs of positions 7] and
2 [25],

G(r,72,7) = (B (1, 1) Ec(72, T + 7). (2.5)

It is known as the mutual coherence function (MCF). The spatial correlation of light is assessed
by examining the dependence of the MCF for a fixed time delay 7, in many situations the
point 7 = 0 is the most appropriate [13],

G(m,7) = (B (7, 1) Ec(72,1)). (2.6)

It is known as the mutual intensity.

When the light is quasi-monochromatic (see previous section), the mutual coherence func-
tion is a harmonic function of time and G(77,7%) describes the spatial coherence completely
[25],

G(F17F2,T) = G(Fl,Fg) eXp(jQT('fQT). (27)

The normalized mutual intensity is [13]
(2.8)

where I(7) = G(7,7,0) is the intensity at position 7. Its magnitude, |g(71,72)|, is bounded
between zero and unity and is regarded as a measure of the degree of spatial coherence. If the
complex wavefunction, E.(7,t), is deterministic, |g(71,72)| = 1 for all 7, and 7%, so that the
light is completely correlated everywhere.

The area within which the function |g(7,72)| is greater than the value 1/2 is called the
coherence area, A, (see Fig.(2.2)). It represents the spatial extent of |g(71,72)| as a function of
71 for fixed 7. In the ideal limit of coherent light the coherence area is infinite. If the area of
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Figure 2.2: An example of the magnitude of the normalized mutual intensity, |g(71,7%)|, as a
function of the position vector ry in the vicinity of a fixed point rs, the coherence area, A, is
depicted [13].

coherence is greater than the size of the aperture through which light is transmitted, so that
lg(71,72)| = 1 at all points of interest, the light may be regarded as spatially coherent [13].

In the following it is assumed that the light of the laser, which is used for communications
through the atmosphere, is quasi-monochromatic and spatially coherent.

2.2.3 Partial polarization

The scalar coherence theory of light presented in the previous sections is inadequate for the
statistical theory of random light including the effects of polarization. The theory of partial
polarization is based on characterizing the components of the optical field vector by correlations
and cross-correlations [13].

Spatial effects are not included here. The light is described by a transverse electromagnetic
plane wave traveling in the z-direction. The electric field vector has two components in the
- and y-directions with complex wavefunctions E,(t) and E,(t) (see Eqn.(1.13)) that are
generally random. Each function is characterized by its autocorrelation function (the temporal
coherence function, see Eqn.(2.1)) [13]:

Gxx(T) = <E;(t)Ex(t+T ) (29)
Gyy(r) = (Ej(t)E,(t+1)). (2.10)

~—
N

An additional descriptor of the wave is the cross-correlation function of E,(t) and E,(t) [13],

Gay(7) = (EZ(0)Ey(t +7)). (2.11)
The normalized function [13] i)
Gay(T) = o (g) ) (2.12)

is the cross-correlation coefficient. It satisfies the inequality 0 < |gzy(7)| < 1. When the two
components are uncorrelated at all times, |gy(7)| = 0, and when they are correlated at all
times, |gqy(7)] = 1.
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For quasi-monochromatic light all dependencies on 7 are approximately of the form
exp(j2m for), so that the polarization properties are described by the values at 7 = 0. The
three numbers G.;(0), Gy (0), and G4y (0), hereafter denoted by Gz, Gyy, and Gy, are then
used to describe the polarization of the wave. Note that G, = I, and Gy, = I, are real
numbers that represent the intensities of the z- and y-components, but G, is complex and
Gyz = G7,. 1t is convenient to write the four variables in the form of a 2 x 2 Hermitian matrix
13] o

(E(0)E(0) (E2()E, (1)

c- (g gZ):(@;(tJEx(t» B3 (1) B, (1)) ) (213

called the coherency matrix or polarization matrix [25]. The trace of the matrix is the total
intensity, tr(G) = Gupp + Gyy = Io + Iy = I.

The coherence matrix, G, defined in Eqn.(2.13), characterizes the correlation properties
of an uniform, quasi-monochromatic beam of electromagnetic radiation. It is adequate to
describe the state of polarization of the beam [25].

Unpolarized light (natural light)

Light of intensity I is said to be unpolarized if its two components have the same intensity
and are uncorrelated, I, = I, = I /2 and G, = 0, i.e., the magnitude of the cross-correlation
coefficient at 7 = 0 is |gy| = 0. The coherency matrix is then [13]

G:i(é?). (2.14)

Unpolarized light therefore has an electric field vector that is statistically isotropic, it is equally
likely to have any direction in the (z,y) plane [13] and thus to have any SOP (see Section 1.2.1).
Unpolarized light is also called natural light, because such light is generated by sources that
are commonly encountered in nature [25].

Completely polarized light

If the cross-correlation coefficient at 7 = 0 has unit magnitude, |g,,| = 1, the two components
of the optical field are perfectly correlated and the light is said to be completely polarized.
Since gy = Ggy/+/Iz1y, the coherency matrix takes the form [13]

&
G = Lo vhdyep (2.15)
A1 Iexp™ I,

where ¢ is the phase difference between the two components of the electric field vector (see
Section 1.2.1) and the argument of g,,. The coherency matrix for linear polarized light in the
x-direction with intensity I looks like
~(1 0
G—I(O O) (2.16)

and the coherency matrix for right-hand circularly polarized light with intensity Iis

G:i(jj{). (2.17)
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Degree of polarization

Partial polarization is a general state of random polarization that lies between the two ideal
limits of unpolarized and polarized light. A partially polarized wave can always be regarded
as a mixture of two uncorrelated waves, a completely polarized wave and an unpolarized wave
[13]. The coherency matrix, G, can be uniquely expressed as the sum of two matrices, one
of which represents completely unpolarized light, G*"° and the other completely polarized
light, GP° [25],

G = Guol 1 Grol, (2.18)

The ratio of the intensity of the polarized portion of the wave to its total intensity is called
the degree of polarization (DOP) [25][13],

(G 4 det(G)
poP = e =\ e (2.19)

\/1 —14 [(IinIZ/)Q] (1 —|gzyl?), (2.20)

where det(G) is the determinant of the matrix. The degree of polarization, DOP, satisfies
0 < DOP < 1. For polarized light the degree of polarization has its highest value of 1, as can
easily be seen by substituting |g,,| = 1 into Eqn.(2.20). For unpolarized light it has its lowest
value, DOP = 0, since I, = I, and g5, = 0 [13]. In Fig.(2.3) the fluctuations of the electric
field vector for unpolarized, partially polarized and completely polarized light are shown.

\ t f/ f ™
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Figure 2.3: Fluctuations of the electric field vector for (a) unpolarized light, (b) partially
polarized light, and (c) polarized light with circular polarization [13]

The DOP can be also expressed in terms of the four Stokes parameters. As introduced in
Section 1.2.1, Sy is the optical intensity, while S7, So, and S3 determines the SOP. The DOP
is now defined as [12][25]

V(81)2 + (52) + (S3)?
(So)

For signals whose state of polarization does not change in time, the DOP is one, DOP = 1.

It immediately follows from equation (2.21) that for a completely polarized beam [25]

DOP =

(2.21)

(S0)% = (S1)2 + (S9)% + (S3)2. (2.22)
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For completely polarized light the various SOPs can be mapped on the surface of the Poincaré
sphere. DOP = 0 denotes completely unpolarized beams [25],

(S1) = (S2) = (S53) = 0. (2.23)

An intermediate value of DOP means that some of the optical power is polarized and the
remaining power is not [12].

2.3 Impacts of the atmosphere

There are four possible impacts of the atmosphere on the polarization of a laser beam, which
are depicted in Fig.(2.4). A quasi-monochromatic, spatially coherent, and completely polarized
laser beam with a certain SOP (e.g., a linear SOP) is transmitted through the random medium
”atmosphere”. At the RX the polarization of the laser beam may have changed:

e One possible impact that can occur is depolarization of the completely polarized laser
beam (see Fig.(2.4a)). The laser beam is then partially polarized at the receiver (see
Section 2.2.3). It depends on the degree of polarization, if the initial SOP can be still
recognized at the receiver.

e Another effect can be that the atmosphere is acting like a birefringent medium (see
Fig.(2.4b)). The x- and y-components of the electric field vector experience different
phase velocities (see Eqn.(3.1)) and thus have a certain phase difference at the receiver,
i.e., in general the SOP at the RX is elliptic (see Section 1.2.1).

e The atmosphere can also rotate the angle of linear polarization (see Fig.(2.4c)). There
occur an offset angle between the direction of the electric field vector at the TX and the
RX.

e The fourth effect can be that the atmosphere is acting like a polarization filter, it trans-
mits a particular SOP while the orthogonal SOP is attenuated, e.g., see Fig.(2.4d).

These possible effects can be assessed with the aid of polarimetry. Polarimetry is a field
in astronomy. Light from an astronomical object that is scattered from a flattened cloud of
electrons, atoms, molecules, or grains can lead to (partially) linearly polarized light. For exam-
ple, light from distant stars is polarized by magnetically aligned, elongated dust grains. The
distribution of the polarization reveals the direction of the galactic field, while the wavelength
dependance of the polarization carries information about sizes and shapes of the interstellar
grains. In polarimetry, stars of well-known polarization (”polarization standards”) are ob-
served to calibrate the measuring devices [27]. In such polarimetric observations the degree of
polarization (see Section 2.2.3), DOP, and the angle of linear polarization, the azimuth, (see
Section 1.2.1), n, are measured [28].

The light of a star can be compared to a laser beam. It is spatially coherent because of
the wide distance of the star from Earth and it is quasi-monochromatic when filters are used
in the measurements.

For the Hubble space telescope (HST), which is orbiting the Earth at a height of 589 km,
a program was sponsored to obtain complete and accurate polarimetry data of a variety of
celestial targets for in-flight calibration of its polarimetric instruments. The target list empha-
sized hot stars with reasonably well-understood polarizing mechanisms. These observations
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Figure 2.4: Four possible atmospheric impacts on the polarization of a laser beam: (a) depo-
larization, (b) birefringence, (c) rotation of the angle of linear polarization, and (d) filtering of
a certain SOP (E ... electric field vector, E;, E, ... electric field vectors of z- and y-polarized
light)

were obtained in eight observation runs between 30. October 1985 and 16. November 1987
using the Mount Lemmon telescope in Tucson, Arizona (USA) [29].

In Table (2.1) the polarized standard stars BD +59°389, HD 19820, HD 161056, and HD
204827 from the HST target list are given [29]. DOP and 7 are mean values measured with a
bandpass filter with a center wavelength of 540 nm [30]. The standard deviations are also given.
The final column denotes the number of observations of each star. Multiple measurements of
each of the polarized targets were obtained to assess any variability which may be present.
Such variability could result from the motion of intervening interstellar clouds across the line
of sight or due to the atmosphere. Each of the objects listed in Tab.(2.1) showed no evidence
of polarimetric variability to a limit of ADOP = 0.05% and An ~ 0.5° in data obtained at
a minimum of three observations during the two year period of the program [29]. From this
observations it follows, that if there occurs an atmospheric effect it is only in the range of
ADOP =~ 0.05% and An =~ 0.5°.

The atmosphere doesn’t act like a birefringent element, because the linear polarized light
of the stars is also linear polarized, when it goes through the atmosphere and is measured on
the ground. This can be seen in Tab.(2.1), where 7 is the same for different observations over
time.
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’ Star | DOP [%] | n[°] | N |
BD +59°389 | 6.701 +0.015 | 98.09 +0.07 | 4
HD 19820 | 4.787+£0.028 | 114.93 £ 0.17 | 3
HD 161056 | 4.030+£0.025 | 66.93 £0.18 | 3
HD 204827 | 5.322+0.014 | 58.73£0.08 | 4
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Table 2.1: List of standard stars (DOP ... mean degree of polarization, n ... mean angle of
linear polarization, N ... number of observations) [29]

Some results and details of ground based polarimetry observations, as well as the results
of the polarimetric measurements of HST, are presented in Tab.(2.2) [31]. The polarization

‘ ‘ ground based ‘ ‘ space based ‘ ‘

Star DOP %] | n[°] | DOP[%] | n[°]
1.32£004 | 33£7
HD 283812 | 1.31+£0.07 | 3542 oo t50 15

Table 2.2: Polarimetric measurements on Earth and on HST of the star HD 283812 (DOP ...
mean degree of polarization, 1 ... mean angle of linear polarization) [31]

properties of HD 283812 have been reported to be DOP = 1.31 % + 0.07% at n = 35° £2°
on ground, based on measurements at a wavelength of A = 2.04 pm. Two measurements on
board of the HST report polarization properties at a wavelength of A\ = 2.05 ym. They are
also listed in Tab.(2.2). The differences in the ground and space spaced measurements can be
seen in Tab.(2.3). Although a part of the differences may arise from the not fully sophisticated
measuring instruments in the HST or the slightly different wavelengths [31], I assume here
that all differences arise from an effect of the atmosphere in the worst case.

Star ADOP [%] | An[°]
0.014+0.11 | 2£9
HD 283812 0.07£0.16 | 67

Table 2.3: Differences in ground and space based polarimetric measurements (ADOP ... dif-
ference in the degree of polarization, An ... difference in the angle of linear polarization)

The polarimetric measurements of the HST don’t include an effect of the atmosphere on
the polarization. Thus, the comparison of the space based and ground based measurements
can help to assess an atmospheric influence in terms of penalties in receiver sensitivity:

e Depolarization: In Tab.(2.3) the biggest difference in the DOP is ADOP = 0.23%.
That is, the totally polarized laser beam, which is transmitted through the atmosphere,
experiences a depolarization of 0.23 %. It is assumed that the total intensity of the laser
beam, I, remains the same when passing through the atmosphere. At the receiver the
intensity of the polarized part of the laser beam is then 0.9977 - I and the intensity of
the unpolarized part is 0.0023 - I. Thus, after the PBS at the RX (see Section 1.5.1) one
polarizer transmits 0.9977 - I plus 50 % of the unpolarized part (which is 11.5- 1074 - I)
and the other polarizer transmits the other 50 % of the unpolarized part of the intensity.
This corresponds to a deviation of 0.066 © of the transmission axis of one polarizer from
the ideal position and results in a negligible penalty in the receiver’s sensitivity (see
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Fig.(1.37)). The mean value of the DOP exhibit a maximum difference of ADOP =
0.07 %. This is equivalent to a deviation of 0.02° and results also in a negligible penalty.

e Rotation of the angle of linear polarization: The change of 7 is equal to the deviation of
the polarizers transmission axes in the RX from the incident polarized light (see Section
1.5.1). In Tab.(2.3) the biggest atmospheric effect is a deviation of An = 13°. This
results in a penalty in RX sensitivity of 1.19dB for a deviation of only one polarizer (see
Fig.(1.37), adaptive threshold) and 2.49dB for a deviation of both polarizers from the
SOP of the incoming light (see Fig.(1.40), v/2 = 13°), which would correspond to an
attenuator. The mean value of 7 exhibits a maximum difference of An = 6° and results
in a penalty in the receiver’s sensitivity of 0.27 dB for a deviation of only one polarizer
(see Fig.(1.37), adaptive threshold) and about 0.73dB for a deviation of both polarizers
(see Fig.(1.40), v/2 = 6°). According to the deviation of the mean value, the influence on
the RX sensitivity by the rotation of 7 is negligible. But if there arises an effect on both
orthogonal polarizations of the PolSK system, and the maximum deviation is 13°, an
attenuation is not negligible. However, an effect on both orthogonal polarizations which
preserves the orthogonality can be compensated by adjusting the PBS in the receiver.

In Table (2.4) three other standard stars HD 155197, HD 147084, and HD 204827 are
listed. In each case two polarimetric measurements at different observation places and different
observation times are given. DOP and 7 are the mean values measured with a bandpass filter
with a center wavelength of 540nm [30]. The standard deviations of the measurements are
also added in the list, which contain effects reported in [32].

Star DOP [%)] n [°] Year Location Source
HD 155197 4.324+0.023 | 102.84 £0.15 | 2000 | Tucson, Arizona (USA) [33]
133 £0.03 103.2 1988 | La Serena (Chile) [34]
4.17 £0.08 32.9 1988 La Serena (Chile) [34]
HD 7084 e 002 | 32500 | 1981 | Austin, Texas (USA) | [32)
HD 204827 5.36 = 0.025 58.6 1990 Tucsor‘1, Arizona (USA) [34]
5A9£0.02 | 59301 | 1981 | Austin, Texas (USA) | [32]

Table 2.4: List of standard stars (DOP ... mean degree of polarization, n ... mean angle of
linear polarization)

The differences between the two measurements of the standard stars are listed in Tab.(2.5).
Because standard stars usually do not have an intrinsic variability in the polarization at all or
rather have a very small negligible variability [29], it follows that the differences occur due to an
effect of the atmosphere or an inaccuracy in the measurement. Observing the light at different
places, the light is differently influenced by the atmosphere, because of the different ways it
travels through it. Also two different observation times would lead to a varying atmospheric
effect.

From Tab.(2.5) it can be seen that the atmospheric effects are very small and thus negli-
gible:

e Depolarization: Within the three standard stars HD 204827 shows the biggest change
in the degree of polarization, ADOP = 0.175%. Like in the itemization above, this
depolarization corresponds to a deviation of 0.05° of the transmission axis of one po-
larizer from the ideal position and results in a negligible penalty in the receiver’s sen-
sitivity (see Fig.(1.37)). The mean value of the DOP exhibit a maximum difference of
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Star ADOP [%] An [°]
HD 155197 | 0.06 +0.053 | 0.36 £0.15

| HD 147084 | 0.01£0.1 | 09£0.1 |
| HD 204827 | 0.13£0.045 | 0.7£0.1 |

Table 2.5: Differences in standard stars (ADOP ... difference in the degree of polarization,
An ... difference in the angle of linear polarization)

ADOP = 0.13%. This is equivalent to a deviation of 0.037° and results also in a neg-
ligible penalty. The atmospheric effect of depolarization is negligible according to the
measurements at different places and times presented in Tab.(2.4).

e Rotation of the angle of linear polarization: An attenuation due to the change of n is also
small, HD 147084 shows a maximum shift of An = 1°. This results in a negligible penalty
in RX sensitivity for a deviation of only one polarizer (see Fig.(1.37)) and in a penalty
of 0.03dB for a deviation of both polarizers from the SOP of the incoming light (see
Fig.(1.40), v/2 = 1°). The mean value of i exhibits a maximum difference of An =0.9°
and results in a negligible penalty for a deviation of only one polarizer (see Fig.(1.37))
and in a penalty of 0.02dB for a deviation of both polarizers (see Fig.(1.40), v/2 =
0.9°). There occurs a negligible attenuation due to the rotation of linear polarization
when standard stars are investigated on the Earth at different observation times and
observation places.

A possible filtering effect introduced by the atmosphere can be assessed with the aid of two
partially polarized standard stars which have two orthogonal linear polarizations. In Tab.(2.6)
ground and space based measurements of the stars HD 283812 and CHA-DC-F7 are listed [31].
They have almost orthogonal polarizations, HD 283812 has an angle of about n ~ 35° and
CHA-DC-F7 has an angle of about n ~ 35° +90° = 125°. Table (2.6) shows the measured
values with the largest difference before and after the atmosphere in order to assess the worst
case.

| | ground based | | space based | |

Star DOP [%] | n[°] | DOP[% | 7
HD 283812 1.31 £0.07 35+2 1.38 = 0.09 20+ 5
CHA-DC-F7 1.19+0.01 126 +4 | 1.24+0.03 | 128+ 7

Table 2.6: Polarimetric measurements on Earth and on HST of the stars HD 283812 and
CHA-DC-F7 (DOP ... mean degree of polarization, n ... mean angle of linear polarization)
31]

It can be seen in Tab.(2.7) that the mean degree of polarization of both stars exhibit
almost the same differences in ground and space based measurements. Only the standard
deviations show a bigger difference. From this I conclude that a filtering effect introduced
by the atmosphere is negligible. Both orthogonal polarizations are treated equally by the
atmosphere.

From the four polarimetric measurements presented above I conclude, that the depolar-
ization by the atmosphere is very small and thus negligible. This conclusion coincide with
the statements in [35]. Moreover, there occur no birefringent effect in the atmosphere. A
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Star ADOP (%]
HD 283812 | 0.07+0.16
CHA-DC-F7 | 0.05+0.04

Table 2.7: Differences in ground and space based polarimetric measurements (ADOP ... dif-
ference in the degree of polarization)

rotation of the angle of linear polarization is rather small and produces only in the worst case
a considerable attenuation. A filtering effect in the atmosphere is also negligible. Thus, the
polarization is the most stable characteristic of a laser beam while propagating through the
atmosphere, this is also stated in [36].



Chapter 3

Practical Implementation of the
BPolSK Receiver

3.1 Introduction

For the practical implementation of an BPolSK receiver as presented in Section 1.4.4, the
appropriate electronic devices have to be found. This is done by a market study.

High-sensitivity receivers, which use PIN photodiodes as detectors, are realized in practice
using optical preamplification. The two adequate configurations for real BPolSK RX structures
can be seen in Fig.(3.1) and Fig.(3.2).

Optical
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Figure 3.1: Realization 1 of BPolSK receiver with optical preamplification

In Fig.(3.1) the BPoISK receiver with optical amplification is realized with a polarization
beam splitter, two PIN photodiodes with transimpedance amplifiers (one in each branch), and
a subtractor. In Fig.(3.2) the BPolSK receiver is realized with an PBS, two PIN photodiodes,
and a single differential amplifier.

3.2 Polarization beam splitter

An ideal PBS splits the incoming light into two orthogonal polarized parts, i.e., into x-polarized
and (z + 90°)-polarized light. The same effect can be achieved with two polarizers oriented
orthogonal to each other. The z-polarized light is then passed through the upper branch, while
the (z + 90 °)-polarized light is transmitted through the lower branch of the BPolSK RX.

49
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Figure 3.2: Realization 2 of BPolSK receiver with optical preamplification

Polarization beam splitters can be realized based on optical fibers or based on bulk optics.

3.2.1 Polarization beam splitter based on fiber optics

An PBS realization based on fibers is presented in this section.

Fiber optic components exhibit birefringence due to the non-perfect cylinder geometry.
The orientation and the strength of the birefringence change statistically over long optical
fibers. Thus, an optical fiber can be modeled as a concatenation of birefringent elements [20].
There always exist an orthogonal pair of polarization states at the output of a birefringent
concatenation which are stationary in the first order in frequency. These two states are called
principle states of polarization (PSP). That is, if the input polarization is aligned to an PSP
of the fiber, then the output polarization state of the fiber is the same as the input state [12].
In an PBS based on fiber optics the incident polarization is aligned to one PSP of the fiber,
the orthogonal polarization is therefore aligned to the second PSP.

There exists a differential delay between the signals launched along the PSP. This delay
occurs due to different phase velocities as a consequence of different refractive indices in the
PSP. With the Maxwell relation (see Section 1.2.1) the phase velocity can be expressed in
terms of the refractive index [15],

1 1 I« (3.1)
where ¢ is the velocity of light in vacuum, &,, and u, denote the relative electric permittivity
and the relative magnetic permeability. The refractive index n is defined as n = ,/-p,. The
aforementioned differential delay causes polarization mode dispersion (PMD) in optical fibers
[20][12].

An example of a polarization beam splitter based on fiber optics is the device PBC/S-001,
which is schematically depicted in Fig.(3.3). The parameters of this device can be seen in
Tab.(3.1).

The PBC/S-001 provides an extinction ratio of 22dB. The extinction ratio is defined as
the optical power in one PSP, P, relative to the optical power in the orthogonal PSP, P, ggo,
(see Fig.(3.4)). That is, when the incident light is z-polarized, the z-polarizer transmits the
whole optical input power P, while the (z + 90 °)-polarizer passes through 0.0063 - P of the
optical power. This corresponds to a deviation of 0.4 ° of the transmission axis of the (2490 °)-
polarizer from the ideal position. Such non-idealities were presented in Section 1.5. An offset
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Figure 3.3: Fiber based polarization beam splitter [37]

PBC/S-001
Fiber type Polarization maintaining fiber
Available center wavelengths 1310nm, 1480 nm, 1550 nm
Operating bandwidth +40nm
Size ¢ 5.5 mm x 35 mm
Extinction ratio (PBS only) 22dB
Insertion loss 0.4dB typical, 0.6 dB maximum
Return loss 50dB
Optical power handling 500 mW
Operating temperature —5°to 70°

Table 3.1: Parameters of fiber based polarization beam combiner/splitter (¥ ... diameter) [37]

angle of the transmission axis of one polarizer of v = 0.4° results in a negligible penalty in
the receiver’s sensitivity, which is depicted in Fig.(1.37).

x-Polarizer

— P,
x-Polarized Light o .
with Optical Power P =p—— Extinction Ratio =P /P,
— P

(X+90°)-Polarizer

Figure 3.4: Explanation of the extinction ratio of an PBS (P, ... optical power in one PSP,
P, 1900 ... optical power in the orthogonal PSP)

The insertion loss of the optic device PBC/S-001 of maximal 0.6 dB can be neglected. It
doesn’t affect the BPolSK receiver performance, since the PBS is placed behind the optical
preamplifier and ASE beat noise limits the RX performance.

The device’s return loss of 50dB indicates that the reflected power from that device is
always 50 dB lower than the power transmitted. That is, for an input power of —40dBm the
reflected portion is —90 dBm. Because of optical preamplification a return loss of 50 dB has
no limiting effect on the receiver’s performance.

The effect of PMD in the optical fibers can be neglected because of the low bit rate
R = 1Gbit/s and the short length of the fibers [20].
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Using an optical amplifier in front of the PBS the transmitted light is already coupled
into the fiber. Thus, an PBS based on fiber optics is ideal for BPolSK systems with optical
preamplification.

3.2.2 Polarization beam splitter based on bulk optics

An PBS realization based on bulk optics is presented in this section.

An PBS cube is based on two transparent triangular prisms of the same material, which
are cemented together (see Fig.(3.5)). The incident light reflects from the interface between
these two materials. The reflectivity is different for light polarized in the plane of incidence
((x490 °)-polarization, labeled in Fig.(3.5)) and light polarized perpendicular to it (x-polarized
light). When the incident light and the interface between the two prisms include an angle called
Brewster’s angle, no light polarized perpendicular to the plane of incidence (z-polarized light)
is reflected from the surface, thus all reflected light must be (z + 90 °)-polarized [14].

The parameters of an example PBS device based on bulk optics, PBS3, are presented in
Tab.(3.2).

(x+90°)-Polarization

x-Polarization

Figure 3.5: Polarizing beam splitter cube [38]

Table 3.2: Polarizing beam splitter cube (T ... transmission, R ... reflection) [38]

PBS3
Substrate material BKY7 glass
Wayvelength range 1525 — 1610 nm
Size 3mm x 3mm x 3mm
Dimensional tolerance +0.25 mm
Extinction ratio 30dB
Transmission efficiency T, > 95%
Reflection efficiency Rii900 > 99.9%
Reflected beam deviation 90 + 0.083°
Transmitted beam deviation < 0.083°
Antireflection coating R<0.25%
Clear aperture > 85 % of center diameter
Damage threshold 100 W/ cm® CW at 515nm




CHAPTER 3. PRACTICAL IMPLEMENTATION OF THE BPOLSK RECEIVER 93

The device provides an extinction ratio of 30dB. Like in the previous section this is
equivalent to a deviation of the transmission axis of one polarizer of v = 0.06°. Such a small
offset angle doesn’t corrupt the receiver’s performance, as seen in Fig.(1.37).

The transmission efficiency of z-polarized light is T, > 95 %. The reflection efficiency for
(490 °)-polarized light is Ry1900 > 99.9 %. This results in an imbalance of transmitted powers
in both polarization directions. This imbalance is equivalent to ideal transmission efficiencies
of the polarizers plus an imbalance in the photodiodes responsivities. The loss in optical
power for (z + 90 °)-polarized light is neglected (R;i900 ~ 100%). The 5% loss in optical
power for z-polarized light is equivalent to 95 % of the original photodiode’s responsivity, e.g.,
Sp =0.95-54 =0.9975A/W (see Section 1.5.2). According to Eqn.(1.49) this results in a
responsivity imbalance of 8 = 0.03 with S4 = 1.05A/W. An imbalance of 5 = 0.03 results in
negligible penalty in the receiver performance, as shown in Fig.(1.43).

If the direction of polarization of the incident light is not perfectly aligned to the po-
larization beam splitter cube there will also be a penalty in the receiver’s sensitivity. The
orthogonality of the polarizers is maintained. In Fig.(1.41) the penalty in the receiver’s per-
formance due to such an offset angle of the transmission axes of the polarizers is plotted (see
Section 1.5.1).

An PBS based on bulk optics is not ideal for an BPolSK RX with optical preamplification,
because after the amplifier the light is already coupled into the fiber. However, the polarizing
beam splitter cube can be used within an RX without optical preamplification, e.g, when using
an avalanche photodiode (APD) [20].

3.3 PIN photodiode with transimpedance amplifier

The parameters of the PIN photodiode with an TIA which I used for my simulations are taken
from Electro-Optics Technology’s device ET-3000A and shown in Tab.(3.3).

ET-3000A
Detector type PIN
Detector material InGaAs
Spectral range 900 — 1700 nm
Responsivity S =1.00A/W @ 1550 nm
Frequency response 30kHz-1.5 GHz
Dark current Ip < 1nA
Thermal noise spectral density Ny, =< 31.5pA/VHz
Transimpedance Z = 1000 Q
Gain GTIA =26dB

Table 3.3: ET-3000A PIN photodetector with TIA [39]

3.4 Subtractor

The subtractor in Fig.(3.1), which subtracts the electrical signals from the lower and upper
branch of the BPolSK RX, can be realized with an unity gain differential amplifier. Examples
of appropriate devices are given in Tab.(3.4).
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TSH330 [40] | THS5201 [41] | LMHG6703 [42]

Gain 1 1 1
—3 dBBandwidth 1500 MHz 1300 MHz 1800 MHz
Supply voltage +25V +5V +5V
Ambient temperature 25°C 25°C 25°C

Equivalent input noise current (+) | 22pA/vHz | 13.4pA/VHz 3pA/VH=z
Equivalent input noise current (-) | 16pA/vVHz | 20pA/VHz | 185pA/VHz

Table 3.4: Unity gain differential amplifiers

3.5 PIN photodiode

In realizations like in Fig.(3.2) only an PIN photodiode without TIA is needed. An appropriate
device is the ET-3010. Its parameters are presented in Tab.(3.5).

ET-5010
Detector type PIN
Detector material InGaAs
Spectral range 900 — 1700 nm
Responsivity S =0.95A/W @ 1550 nm
Cutoff frequency > 1.5 GHz
Dark current Ip < 1nA
Thermal noise spectral density Ny, < 0.095pA/VHz

Table 3.5: ET-3010 biased PIN photodetector [43]

3.6 Differential amplifier

The differential amplifier as used in the setup of Fig.(3.2) can be implemented with an unity
gain differential amplifier (see Tab.(3.4)). There is no need for a higher gain because the
receiver’s performance is determined by the optical preamplifier.

3.7 Polarization diversity detector

There is another possibility to implement a receiver like in Fig.(3.2), i.e., using a polarization
diversity detector (PDD). It detects simultaneously the power of two orthogonal polariza-
tion components. A pigtailed PBS coupled with two photodetectors can be used for such
applications [44]. Although the device PDD-001 from General Photonics does not have the
appropriate bit rate, I will present it’s parameters for demonstration. The parameters can be
found in Tab.(3.6).
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PDD-001

Bit rate

R = 50MHz

Detector sensitivity

S =0.8A/W @ 1550 nm for both photodiodes

Center wavelength

1310 nm, 1550 nm

Wavelength range +75nm
Extinction ratio > 40dB
Minimum return loss 55dB
Fiber Polarization-maintaining
Maximum optical power 20mW

Dark current

Ip < 20nA at 5V bias at 23°C

Thermal noise spectral density

Ny =6.6-107°A/VHz

Table 3.6: Polarization diversity detector [44]
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Chapter 4

Summary

My investigations of polarization modulation in optical free space communications through the
atmosphere show the following advantages in comparison with intensity modulated systems:

e PolSK features a constant envelope of the transmitted optical power, which makes it
especially attractive for peak power limited systems (see Section 1.2.2).

e PolSK clearly outperforms OOK systems in terms of peak optical power by about 3dB
(see Section 1.3.4 and 1.4.4).

e The atmospheric influence on the polarization of a laser beam is negligible (see Section
2.3).

e For deviations of the polarization from the PBS transmission axes which preserve the
orthogonality or for equal offset angles in both directions even that the orthogonality
is not preserved, there is no difference in the PolSK RX performance when using an
absolute threshold at 0 A or using an adaptive threshold (see Fig.(1.40)).

e If there occur non-idealities in the optical or electrical wires in the PolSK system, the
performance is the same for absolute and adaptive thresholding (see Section 1.5.3).

e Non-idealities in the practical realization of an PBS do not effect the receivers perfor-
mance (see Section 3.2).
The following disadvantages have been found:

e The complexity in the PolSK system is higher than the complexity of the OOK system
(see Section 1.3 and 1.4).

Polarization and intensity modulated systems are equal in the following points:

e The performance of PolSK and OOK systems is about the same in average power limited
systems.

e In the most cases when non-idealities arise in the PolSK RX adaptive thresholding
reaches a better performance than absolute thresholding (see Section 1.5).

Although the complexity of an PolSK system is higher than that of an OOK system, the
advantages of PolSK in peak power limited systems such as the constant envelope of the
transmit signal and the 3 dB sensitivity gain predominate the disadvantages. Thus, PolSK is
a promising candidate to replace OOK as modulation system in optical free communications
through the atmosphere.
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Appendix A

Simulation parameters in
VPItransmissionMaker

In Appendix A I want to deliver insight to the most important parameters for the correct
and efficient operation of the simulations in VPItransmissionMaker. These global parameters
determine the signal conversion from continuous time to discrete time signals for digital com-
putations, e.g., they determine the temporal and spectral resolution of the signals. Moreover, I
specify the signal representation, the form of data which is passed between the single modules
of a simulation schematic.

A.1 Discrete conversion

The efficient representation of real-world signals as data in a computer model is an important
topic in a simulation software like in VPItransmissionMaker. If the signal representations have
unnecessary detail, the model will be computationally inefficient. If the representations are
too abstract, the model will fail to predict important phenomena, or give inaccurate results
[17].

Generally, the complex envelope of lightwaves can be described by a waveform which is con-
tinuous in time and frequency. This representation has to be approximated, since continuous
signals cannot be handled by digital computation, which is discrete in nature [17].

Converting a continuous time domain description into a discrete one, means that the
waveform is only considered at discrete points on the continuous time axis. These points
are equally spaced in time. The spacing of adjacent points is called sampling interval, At. The
rate at which the time samples are gathered is called the sample rate, denoted by fs. The
sample rate is related to the sampling interval by f; = 1/At (see Fig.(A.1)) [17].

The imposition of regular sampling does not itself cause an approximation, apart from
limiting the bandwidth that can be simulated. The simulation bandwidth is equivalent to the
sample rate (see Fig.(A.1)). A wide simulation bandwidth requires a short sampling interval,
which is obtained by choosing to have many samples per bit, for a given bit rate, R [17].

The conversion from the discrete time to the discrete frequency domains is performed using
an efficient implementation of the discrete fourier transform (DFT), namely the fast fourier
transform (FFT). Sampling in the time domain representation leads to a periodical expansion
of the frequency response. That is, the frequency spectrum becomes periodic with a repetition
equal to the sample rate. A real continuous time waveform can be converted to a sampled
complex baseband form without loss of information, if the sample rate is at least the maximum
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Figure A.1: Illustration of the inverse relationship between the sampling interval and the
sample rate, which is equivalent to the simulation bandwidth [17]

bandwidth, Bj,qz, of the continuous time waveform, fs > Bj,q:. Otherwise, aliasing errors
occur, which result from an overlap of the spectra [17].

Similar to time domain sampling, one can imagine the process of sampling in the frequency
domain. This is because a signal which is represented over a limited time window will have
a limited spectral resolution, equal to the inverse of the window duration (see Fig.(A.2)).

For there to be no leakage between the frequency points during the Fourier transformation,
which would reduce the accuracy of a spectrum, particularly close to a lasing peak, the time
waveform has to be periodic within the time window. In this case, the transformation between
time and frequency domains is exact, and can be performed without approximation [17].

For digital transmission, the length of the simulated time window can be written in terms
of the number of bits, Np, multiplied by the bit duration, Tz, which is the inverse of the bit
rate [17].

A.2 Block mode signal representation

The signal representation defines in what form the data is passed between the modules of
a simulation schematic (see, e.g., Fig.(1.18)). In VPItransmissionMaker the data exchange
between the individual modules can be organized in blocks, that is, vectors representing the
signals in the time or frequency domains, or by transmitting single samples [17]. In my
simulations I used the block mode signal representation (see Tab.(1.1)) because some VPI
modules I used (e.g., polarization modulator, BER estimator, etc.) work only in block mode.
In this mode the simulation usually progresses from transmitter to receiver, one module at a
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Figure A.2: Hlustration of the inverse relationship between the time window duration and the
spectral resolution [17]

time.

A.3 Global parameters

The global parameters bit rate, sample rate, and time window are common to all modules
in a simulation schematic. Their values are important for the correct and efficient operation
of the simulator [17].

A precise definition of these parameters is given in [17]:

The global parameter bit rate is equal to the bit rate of the PRBS module, e.g., R =
1 Gbit/s (see Tab.(1.1)).

The sample rate is used to set the simulation bandwidth of the system (see Appendix
A.1). Tt is usually set to a value of (2"« R) [Hz|, where m is an integer. In my simulations
I set the sample rate to fs = 16 x R, i.e., a bit is represented by 16 samples.

The duration of each block of data (see Appendix A.2) is determined by the value time
window (see Appendix A.1). Each run of a simulation will simulate this amount of time.
Usually the parameter is set to a value of (2!/R) [s], where [ is an integer. This sets the
resolution of the spectral visualizers and the accuracy of the BER estimation depends
critically on the number of bits simulated. When the BER estimator uses Gaussian noise
statistics (see Appendix B.2.1) a time window of (213/R) [s] (2! bits per simulation) is
necessary to reach an accuracy in RX sensitivity of 0.05dB. When the BER estimator
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uses x? noise statistics a time window of (2!7/R) [s] is necessary to reach an accuracy of

0.1dB.
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Appendix B

VPItransmissionMaker modules

In Appendix B I give some additionally information about those modules in VPItransmission-
Maker which I used for my simulations.

B.1 Pseudo random bit sequence module

In Section 1.2.2 I introduced the parameters of a pseudo random bit sequence generator (see
Tab.(1.1)), which I used in my simulations to model an information source for digital trans-
mission. In VPItransmissionMaker the PRBS module provides a number of different types of
bit streams. I used the PRBS type, which produces a sequence of Ng = 2! bits, which is
equivalent to the specified time window multiplied by the bit rate (see Appendix A.3) [18].

B.2 BER estimation modules

The bit error rate estimation modules I used in my simulations (in Chapter 1) are presented
in this section.

In order to estimate the BER, each BER estimation module needs to know the sequence
of bits that was originally transmitted. This enables it to associate each received sample with
a specific type of symbol, which will be either a logical 1’ or a logical ’0’. That’s why each
transmitter within VPItransmissionMaker generates a logical channel along with the "physical’
channel that represents the optical signal. The transmitted bit sequence is then attached to
the logical channel [18]. The name of the logical channel is specified using the parameter
channel label. In my work the channel label is defined in the NRZ coder (channel label =
cl) of the PolSK and the OOK receiver (see Fig.(1.10) and Fig.(1.17)).

A clock recovery module is situated prior to the BER estimation module (see, e.g., Fig.(1.18)).
The reason for this is that propagation effects and others sources of delay will result in the
signal being shifted within the time window. Thus at the end of the simulation, the signal
waveform with the sampled band is no longer correctly aligned with the bits in the logical
channel. The clock recovery module in VPI realigns the signal with the bit sequence, so that
the BER estimator associates the correct transmitted symbol with each sample in the received
signal [18].

As I mentioned in Section 1.3.2 the BER estimator defines the sample time and the decision
threshold. If the parameter sample type in the BER estimator module is set to optimum
then the BER estimator automatically determines the sampling time at which the BER is
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minimum. This is done by computing the BER for all possible sampling times across the
bit period and selecting the sample time which produces the lowest BER result [18]. If the
parameter threshold type is set to optimum, then the BER estimator determines the decision
threshold for which the BER is minimum. The threshold is said to be adaptive (see Section
1.5). This parameter can also be set to absolute, then the decision threshold is set directly
by the threshold parameter in the module [18]. This is done in Section 1.5, where I used an
absolute threshold of D = 0 A in some simulations.

B.2.1 BER estimator

In Section 1.3 I presented different receiver structures without optical preamplification. The
dominant source of noise is the thermal noise in the electronics of the receiver (see Section
1.3.1). Thermal noise is Gaussian in nature, thus, the noise statistics are Gaussian (i.e.,
distributed according to the so-called Normal distribution).

In Section 1.4 I presented receiver structures with optical preamplification. The ASE beat
noise terms dominate all other noise sources and the noise statistics after square law detection
and low pass filtering are x? distributed (see Section 1.4.1).

The bit error ratio in this systems can now be calculated analytically as [18]

BER = RyFy + P1 Py,

this follows from the law of total probability [10]. P; is the probability of receiving a ’1’ bit,
Py is the probability of receiving a '0” bit, Fy; is the conditional error probability of deciding
that a received bit is '0” when actually a "1’ was sent, and Py|y is the conditional probability
of a detected ’1” when a ’0’ was sent [18]. In my simulations I used the same probabilities of
receiving a '1” or a '0’ bit, i.e., P = Py = 0.5 (see Tab.(1.1)).

To calculate the conditional error probabilities, FPy; and Pj|g, the probability density func-
tions f1(z) and fo(x) of the 1’ and the ’0’ signal levels must be known, as well as the decision
threshold, D. The conditional error probabilities are then obtained by integrating the density
functions from the decision threshold according to [18]

D
P0|1 = / fl(.’E)dl‘,

P1|0 = /fo(l')dﬂ?

D

The exact method used to obtain the density functions fi(x) and fo(z) depends upon the noise
statistics used, i.e. either Gaussian or y? statistics, as described in the following sections.

Gaussian noise statistics

A Gaussian probability density function is fully characterized by two parameters, its mean and
its variance. The BER estimator module assuming Gaussian noise statistics uses a two-step
process to estimate the BER [18]:

1. The means, ug, and variances, 0,%, of the received "1’ and ’0’ bits (k = 0,1) are estimated
using a sample estimator. They are determined from the statistics of the input signal at
the BER estimator.
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2. The dark current, Ip, is then added to the computed means, pj, and the thermal noise
variance, afh, and shot noise variance, afh, are added to the computed variances, 0,3. The
probability density functions, fi(z) and fy(x), and the corresponding error probabilities,
Pojp and Pypjg, are then assumed to be those of Gaussian distributions with the total
mean and variance values calculated.

The thermal noise variance is given by [18]
oih = NitBe,

where Ny, is the noise spectral density, and B, is the electrical noise bandwidth equivalent to
the 3dB bandwidth of the electrical low pass filter of the receiver (see Tab.(1.2)). The shot
noise variance for an PIN photodiode is calculated according to [18]

Jgh = 26(/% + ID)Bea

where e = 1.6 - 10712 C is the electron charge.

Parameter Value
Estimation method Gaussian
Sample type Optimum
Threshold type Optimum/Absolute
Threshold D=0A
Dark current Ip=0A
Include shot noise No
Thermal noise spectral density | Ny, = 0pA/ VHz
Electrical noise bandwidth B, = 0.75GHz
Channel label cl

Table B.1: Parameters of the BER estimation module for Gaussian noise statistics as used for
simulations

In Tab.(B.1) the parameters of the BER estimation module for Gaussian noise statistics
as used for my simulations are listed. The parameters dark current and thermal noise spectral
density are set to zero because they are already specified in the PIN photodiode with TIA.

Chi-square noise statistics

The general non-central y? probability density function can be fully described by three param-
eters: the non-centrality parameter, the number of degrees of freedom, and a scaling factor.
For simplicity, it is assumed that the input signal of the BER estimation module does not
contain any additive post-detection Gaussian noise (thermal and shot noise). To achieve this,
the parameters thermal noise, dark current, and shot noise should be specified in the BER es-
timator and set to zero in the PIN photodiode and the TTA [18]. In my simulations I found no
difference in RX sensitivities between a specification of these parameters in the BER estimator
or in the PIN photodiode and the TIA.
The BER in receivers with y? noise statistics is estimated by a two-step process [18]:

1. The three parameters of the x? distribution are estimated by performing a statistical
analysis of the input signal samples. A separate analysis is performed for ’1’ and ’0’ bits
in the received bit sequence.
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2. The probability density functions, fi(x) and fy(x), and the corresponding error prob-
abilities, Py;; and P9, are then computed including the effect of post-detection noise
processes, using numerical methods described by Marcuse [45].

The BER estimation module uses several numerical approximations when performing the BER
calculation for y? noise statistics. These approximations are extremely accurate in most cases
and significantly improve the speed and efficiency of the algorithms. However, they are not
valid at very high values of the BER, on the order of 1072 and above. This limitation is not
very restrictive in practice, because such high values of BERs are in any case unacceptable in
a real system [18].

It is necessary to simulate a larger number of bits when using x? noise statistics than
when using Gaussian noise statistics, in order to obtain results that do not exhibit excessive
statistical variation (see Appendix A.3) [18].

Parameter Value
Estimation method Chi2
Sample type Optimum
Threshold type Optimum/Absolute
Threshold D=0A
Dark current Ip =1nA
Include shot noise Yes
Thermal noise spectral density | Ny, = 31.5pA/ VHz
Electrical noise bandwidth B, = 0.75GHz
Channel label cl

Table B.2: Parameters of the BER estimation module for y? noise statistics as used for
simulations

In Tab.(B.2) the parameters of the BER estimation module for x? noise statistics as used
in my simulations are listed.

B.2.2 Balanced detection BER estimator

In Section 1.4.4 I presented a balanced PolSK system using a receiver with optical pream-
plification. An BER estimation module designed for a balanced receiver is used. The signal
samples at the inputs of the balanced detection BER module are divided into two groups, one
corresponding to the detection of optical signals mixed with noise, and another corresponding
to the detection of noise only. Each of these groups of samples is fitted by a noncentral x?
distribution. The fitted parameters of the distributions are used in order to construct the char-
acteristic function of the resulting signal [18]. The characteristic function is the expectation
value, E[-], of exp(jwO) [26],

B(w) = Elexp(jwO)] = / fo(0) exp(jwo)do,

where O is a random variable, o is its integration variable, and fo(0) is its PDF. If the two
inputs at the BER estimator are statistically independent, which is fulfilled, then the resulting
characteristic function in the BER estimation module is the product of both characteristic
functions [26].
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As mentioned in the previous section, the x? assumption on signal statistics is valid only
when additive optical noise is the only noise source. Therefore in order not to invalidate the
results of the PDF fitting, dark current, thermal noise, and shot noise of both PIN photodiodes
with TIAs should be set zero. These quantities instead should be specified by the parameters
dark current, thermal noise, and include shot noise in the balanced detection BER mod-
ule. This implies that these quantities are identical for both detectors [18]. In my simulations
there is no difference in the RX sensitivity, when the specification of the post-detection noise
parameters is done in the PIN photodiodes with TIAs or if it is done in the balanced detection
BER module.

A Gaussian assumption is used on thermal and shot noise statistics, the parameters of the
Gaussian distribution are used to construct the characteristic function of the post-detection
noise.

The characteristic functions of the detected optical signal with beating noise and the re-
ceiver’s post-detection noise are combined together to produce the total characteristic function
of the detected signal. The BER is calculated from this characteristic function by the saddle
point approximation method [46].

Parameter Value
Optical filter bandwidth B, = 1.6 GHz
Sample type Optimum
Threshold type Optimum/Absolute
Threshold D=0A
Dark current Ip =1nA
Include shot noise Yes
Thermal noise spectral density | Ny, = 31.5pA/ VHz
Electrical noise bandwidth B, = 0.75GHz
Channel label cl

Table B.3: Parameters of the balanced detection BER estimation module as used for simula-
tions

In Tab.(B.3) the parameters of the balanced detection BER estimation module I used in
my simulations are stated.

B.3 Optical amplifier module

The optical amplifier module I used in my simulations in Chapter 1 is an amplifier model
with fixed gain shape. It can act as a gain-controlled, power-controlled, or saturable amplifier.
These modes can be selected via the amplifier type parameter [18]. I chose a gain-controlled
amplifier type (see Tab.(1.5)). The amplifier module consists of an ideal amplifying unit
characterized by a gain, G, according to

Eout(t) = E@ (t) : \/5,

where Ezn(t) is the electrical field input vector and Eout(t) is the electrical field output vector
(see Fig.(B.1)). In gain-controlled mode the pump power is variable and the port to port gain
of the amplifier, G, is defined differently for low and high input powers. At low input powers the
amplifier provides a power-independent gain, G = 39 dB. This small-signal gain is frequency-
independent. At high input powers, the amplifier’s output power (averaged over one block)
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will be limited, as in a real dev

ice, by setting a maximum output power, Pyy(maz) = 14.5dBm.

Additionally, the amplifier corrupts the output signal, Eyy:, by ASE noise (see Fig.(B.1)). The

Ein_>'
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_\\\\
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G o~ +/ > Eout
_4'//
e
P

Figure B.1: Optical amplifier in the gain-controlled mode (E;, ...
electrical field output vector, GG ... gain, and ASFE ... amplified spontaneous emission

Eou ..
noise) [18]

resulting noise figure, F' = 3.8

ASE

electrical field input vector,

dB, is related to the single sided spectral noise density, Nasg,

via the spontaneous emission factor, ng, (see Eqn.(1.40) and Eqn.(1.39)).
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Appendix C

Abbreviations, constants, and
symbols

C.1 List of abbreviations

AM amplitude modulator
APD avalanche photodiode
ASE amplified spontaneous emission

ASK amplitude shift keying

BER bit error ratio

BPolSK balanced polarization shift keying
CW continuous wave

DFT discrete fourier transform

DOP degree of polarization

DPSK differential phase shift keying
EDFA Erbium-doped fiber amplifier

ESA European Space Agency
FFT fast fourier transform
FSK frequency shift keying

HST Hubble space telescope
InGaAs Indium Gallium Arsenide
LHC left-hand circular

MCF mutual coherence function
NRZ non return to zero

OOK on-off keying

PBC polarization beam combiner
PBS polarization beam splitter

PDD polarization diversity detector
PDF probability density function

PIN p-type, intrinsic, n-type

PM phase modulator

PMD polarization mode dispersion
PolM polarization modulator

PolSK polarization shift keying
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ppb photons per bit
PRBS pseudo random bit sequence
PSK phase shift keying

PSP principal state of polarization
RHC right-hand circular

RIP receiver input power

RX receiver

SOP state of polarization

SPolSK  single polarization shift keying
TTA transimpedance amplifier

X transmitter

C.2 List of physical and mathematical constants

co = 2.9979 - 108 m/s velocity of light in vacuum
e=1.602-10"1 As charge of a single electron
h = 6.6262 - 10734 Js Planck’s constant
j=+v—-1 imaginary unit

k=1.3807-10"23J/K Boltzmann’s constant

T = 3.1416

P1

g0 = 8.854- 10712 As/Vm electric field permittivity in vacuum
po = 4m - 1077 Vs/Am magnetic field permeability in vacuum

C.3 List of Latin symbols

a

A

Ac

b
Baske
Be

BER
Bmax

major axis of the polarization ellipse
constant

coherence area

minor axis of the polarization ellipse

noise bandwidth of the optical amplifier
bandwidth of the electrical filter

bit error ratio

maximum bandwidth

bandwidth of the optical bandpass filter
phase velocity

electrical modulation signal

partial derivative with respect to ¢

partial derivative with respect to x

partial derivative with respect to y

partial derivative with respect to z

decision threshold

degree of polarization

z-direction in the cartesian coordinate system
y-direction in the cartesian coordinate system
z-direction in the cartesian coordinate system
electric field vector

69



by, &
!

(9}

~—

& o — —
S—

333

o
N o=

[¢) o
~+
N—

<
3

S
3
—
o~
SN—

—~ Y
T T

Q
IS
S

Q

SvlvivvvicEvioNoiolololoi!

fo(o)

s

fo

fo(z)
fi(z)

F

g(Fh FQ)
g9(7)
Gay(T)
G

G

Gpol
G(71,72)
G(Fla FZ? T)

Grra
Gunpol

complex scalar electric field

complex electric field vector

complex scalar electric field at a fixed position 7

complex scalar electric field at a fixed position 7%

complex scalar electric field at a fixed position 7

electrical field input vector

electrical field input vector

Jones vector

complex envelope of the scalar electric field

complex envelope of the electric field vector

electrical field output vector

electrical field output vector

complex amplitude of the scalar electric field for time-harmonic processes
complex amplitude of the electric field vector for time-harmonic processes
scalar electric field

electric field vector

real scalar electric field at a fixed position 7

magnitude of the z-component of the complex envelope of the electric field vector
electric field vector of xz-polarized light

x-component of the complex electric field vector

magnitude of the y-component of the complex envelope of the electric field vector
electric field vector of y-polarized light

y-component of the complex electric field vector

magnitude of the z-component of the complex envelope of the electric field vector
z-component of the complex electric field vector

electric field vector for a plane wave traveling in the z-direction
magnitude of a component of the complex envelope of the electric field vector
lower energy level

upper energy level

frequency

PDF of random variable O

sample rate

mean frequency

probability density function of the '0’ signal level

probability density function of the '1’ signal level

noise figure of the optical amplifier

normalized mutual intensity

degree of correlation (coherence)

cross-correlation coefficient

gain of the optical amplifier

coherency matrix

coherency matrix of completely polarized light

mutual intensity

mutual coherence function

gain of the transimpedance amplifier

coherency matrix of completely unpolarized light
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I(r3)

Isat

Ish

I2,(t)

IZ
Signal—ASE

I(t)

autocorrelation function at 7 =0

crosscorrelation function at 7 =0

autocorrelation function at 7 =0

autocorrelation function

autocorrelation function of the xz-component of the complex electric field vector
crosscorrelation function of the - and y-component of the complex electric field vector
autocorrelation function of the y-component of the complex electric field vector
Gaussian-shaped filter

magnetic field vector

index of the components of the Stokes vector

electrical current

total intensity

electrical current according to ASE noise

quadratic noise current according to ASE-ASE term

dark current

quadratic noise current at the output of the PIN photodiode
intensity at position 7

intensity at position 77

intensity at position 73

saturation current of the PIN photodiode

shot noise

quadratic noise current according to shot-noise

quadratic noise current according to Signal-ASE term

electrical current over time

thermal noise

quadratic noise current according to thermal noise

intensity of the x-component of the complex electric field vector
intensity of the y-component of the complex electric field vector
intensity

wave number

wave vector

integer

coherence length

integer

refractive index

spontaneous emission factor

number of observations

one-sided spectral density according to ASE noise

number of bits

one-sided spectral density according to shot noise

one-sided spectral density according to thermal noise
population density of the lower energy level

population density of the upper energy level

integration variable

random variable

number of polarizations present at the output of the optical amplifier
optical power
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Pask power according to ASE noise

Poverage average power

P (t) input power of the modulator

Pout(maz) maximum output power of the optical amplifier
ﬁout(t) output power of the modulator

Ppeak peak power

P(t) optical power over time

P, optical power in one PSP

Prigoo optical power in the orthogonal PSP

By power level 0’ bit

Py probability of receiving a ’0’ bit

Por conditional probability of a detected 0’ when a ’1’ was sent
P power level ’1’ bit

P probability of receiving a ’1’ bit

Py conditional probability of a detected '1’ when a ’0’ was sent
7 position vector

ry position vector

™ position vector

ro position vector

D) position vector

R bit rate

R reflection

Ryi900 reflection efficiency for (z + 90 °)-polarized light
S; 1th normalized component of the Stokes vector
s1 normalized component of the Stokes vector

S92 normalized component of the Stokes vector

S3 normalized component of the Stokes vector

S responsivity of the PIN photodiode

S Stokes vector

Sa responsivity of the PIN photodiode in the upper branch of the BPolSK receiver
Sp responsivity of the PIN photodiode in the lower branch of the BPolSK receiver
S(f) power spectral density

Si 1th component of the Stokes vector

Srx receiver sensitivity

So component of the Stokes vector

S component of the Stokes vector

So component of the Stokes vector

S3 component of the Stokes vector

t absolute time

T absolute temperature

T time duration

Tg bit duration

T, transmission efficiency of x-polarized light

U u-coordinate of the polarization ellipse

v v-coordinate of the polarization ellipse

Va voltage at the PIN photodiode

x x-coordinate
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x(t) input pulse

Y y-coordinate
y(t) output pulse
z z-coordinate
Z transimpedance

C.4 List of Greek symbols

Ié] responsivity imbalance

ADQOP difference in the degree of polarization

Af laser linewidth

At sampling interval

Atyg/90  10/90-rise time

An difference in the angle of linear polarization
Ayp phase difference between marks and spaces
~y offset angle

€ electric field permittivity

Ep relative electric field permittivity

€ ellipticity

¢ quantum efficiency

n azimuth

K electric conductivity

A wavelength

Ao wavelength in vacuum

7 magnetic field permeability

175 mean of electrical current

Ly relative magnetic field permeability

1o mean of received '0’ bits

1 mean of received ’1’ bits

oI standard deviation of electrical current

J% variance of electrical current

a?h variance according to shot noise

afh variance according to thermal noise

o8 variance of received '0” bits

o? variance of received "1’ bits

T time delay

Te coherence time

0] phase difference

o) phase of the z-component of the complex envelope of the electric field vector
oy phase of the y-component of the complex envelope of the electric field vector
o phase of the z-component of the complex envelope of the electric field vector
d diameter

d(w) characteristic function

X random variable of chi-squared distribution
w angular frequency

v vectorial differential operator Nabla

\& Laplace operator
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