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Abstract

Innovative technologies will have to be developed in the near future to satisfy the ever in-
creasing demand on bandwidth associated with new communication services. Free-space
laser communication is a promising candidate in this field. The outstanding advantage of
systems employing optical carrier frequencies in comparison to widely used radio-frequency
technology is the low beam divergence. However, small beam diameters lead to high tech-
nological demands concerning mutual pointing, acquisition, and tracking (PAT) of the commu-
nicating terminals.

Within this thesis, the major concepts and technological requirements of an optical link
operating in the Gb/s-regime between the International Space Station (ISS) and a ground sta-
tion are being investigated. Such a link could serve as broadband communication channel for
the scientific experiments aboard the station and would, additionally, extend the operational
experience with optical space-to-ground links. I am deriving numerical benchmarks for the
parameters concerning the link loss, the pointing accuracy, and the effects of atmospheric
propagation. I am calculating the power spectral density originating from celestial bodies
and the atmosphere of the Earth accepted by a telescope aboard the ISS or on ground and
assess its impact on the performance of the system.

The distances to be bridged between the ISS and a ground station are up to 2 200 km.
This fact, together with the limited transmit power, the high cost of large telescopes, and the
impossibility of in-line amplification lead to the need for highly sensitive receivers to fully
exploit the low signal power available. After comparing different receiver technologies, I am
focussing on optically preamplified direct detection receivers. The system parameters affecting
the receiver's performance are investigated by a self-developed simulation program and by
experiments. Two forms of on-off keying modulation formats, namely non return-to-zero
(NRZ) and return-to-zero (RZ), are implemented and the effect on the receiver sensitivity is
being assessed. By using an RZ coded transmit signal and by optimizing optical and electrical
filter bandwidths in the receiver, I experimentally approached - at a data rate of 10Gb/s -
the theoretical limit of receiver sensitivity, the quantum limit, as close as 1.1 dB.

I set up a laboratory breadboard of an optical transceiver implementing devices commer-
cially available off-the-shelf to assess the potential of utilizing fiber communication technol-
ogy for free space laser communication. I show that Erbium-doped fiber amplifiers axe suitable
to serve as high-power booster amplifier in the transmitter and as preamplifier in the receiver.

Many aspects of classical optical free-space communication systems, e.g., PAT, link loss,
and background radiation are also relevant for quantum communication in space. I am in-
vestigating the implementation of quantum cryptography for distributing a secret key to two
ground stations by employing a source of entangled photons aboard the ISS. In an assess-
ment of the technological requirements of this scenario I identify the data rate, the accuracy
of synchronization, and the link availability as critical issues.



Kurzfassung

Die durch das Angebot von neuen Kommunikationsdiensten ständig wachsende Nachfra-
ge nach Bandbreite kann in Zukunft nur durch die Entwicklung von innovativen Techno-
logien befriedigt werden. Ein vielversprechendes Konzept auf diesem Sektor ist die Frei-
raumübertragung mittels Laserstrahlen, wo Datenraten von mehreren Gb/s realisiert wer-
den können. Einer der Hauptvorteile der Verwendung von Trägerfrequenzen im optischen
Bereich im Gegensatz zur herkömmlichen Mikrowellentechnik ist die kleine Strahldivergenz.
Sie geht jedoch einher mit hohen Anforderungen an die Ausrichtung und Nachführung der
Antennen der kommunizierenden Endgeräte.

Die vorliegende Dissertation definiert Anforderungen und Konzepte einer breitbandigen
optischen Datenübertragung zwischen der Internationalen Raumstation (ISS) und einer Bo-
denstation. Eine Verbindung dieser Art würde einerseits die Kommunikationsmöglichkeiten
der Station mit der Erde verbessern und andererseits wesentliche Aufschlüsse über den Ein-
satz optischer Datenübertragung im Weltraum liefern. Ich gebe Richtwerte für die zu er-
wartende Signalabschwächung, die erforderliche Genauigkeit der Strahlausrichtung und den
Einfluss der Atmosphäre auf die Strahlausbreitung an. Die von den Empfangsteleskopen auf
der ISS und auf der Erde aufgenommene spektrale Leistungsdichte der Strahlung von Him-
melskörpern und der irdischen Atmosphäre wird berechnet und der entsprechende Einfluss
auf die Qualität der Übertragung analysiert.

Bei Verbindungen zwischen ISS und Erde beträgt die zu überbrückende Distanz immer-
hin bis zu 2 200 km, die Größe der Teleskope und die verfügbare Sendeleistung an Bord der
ISS ist stark begrenzt, eine Zwischenverstärkung ist nicht möglich. Der sich daraus ergebende
geringe Signalpegel am Empfänger muss optimal ausgenutzt werden. Nach dem Vergleich
verschiedener Empfängertechnologien richte ich mein Augenmerk auf optisch vorverstärkte
Direktempfänger. Mit Hilfe eines eigens entwickelten Simulationsprogramms, dem eine detail-
lierte Modellierung des Übertragungssystems bestehend aus Sender und Empfänger zugrun-
de liegt, untersuche ich den Einfluss unterschiedlicher Parameter auf die Empfindlichkeit des
Empfängers. Senderseitig fasse ich zwei Modulationsformate ins Auge, nämlich NRZ (non
return-to-zero) und RZ (return-to-zero). Die wichtigsten Parameter des Empfängers sind die
Bandbreiten des optischen und des elektrischen Filters. Durch Verwendung eines RZ-Signals
und durch sorgfältige Optimierung der Filterbandbreiten gelingt es mir, bei einer Datenra-
te von 10 Gb/s, der theoretischen Grenze der Empfängerempfindlichkeit, dem Quantenlimit,
experimentell bis auf 1.1 dB nahe zu kommen.

Um das Potential des Einsatzes von kommerziell verfügbaren Komponenten, die für den
Einsatz in fasergebundenen Systemen entwickelt wurden, für die optische Freiraumübertrag-
ung zu beurteilen, habe ich ein Übertragungssystem bei einer Wellenlänge von 1.55 [im auf-
gebaut. Ich zeige, dass Erbiumdotierte Faserverstärker als Leistungsverstärker im Sender und
als Vorverstärker in empfindlichen Empfängern bestens geeignet sind.

Viele Aspekte der klassischen optischen Freiraumübertragung wie zum Beispiel Strahl-
ausrichtung und Nachführung, Abschwächung und Hintergrundstrahlung sind auch für die
Anwendung von Quantenkommunikation im Weltraum von Bedeutung. Ich untersuche den
Einsatz von Quantenkryptographie in folgendem Szenario: Unter der Verwendung einer Quel-
le von verschränkten Photonen an Bord der ISS soll ein geheimer Schlüssel auf zwei Boden-
stationen verteilt werden. In einer Analyse der technologischen Anforderungen identifizie-
re ich die nach oben beschränkte Datenrate, die Genauigkeit der Synchronisation und die
Verfügbarkeit der Verbindung als kritische Parameter.

iii
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Chapter 1

Introduction

1.1 Establishing an optical link to the ISS: benefits and difficulties

The International Space Station (ISS) is the largest scientific cooperative and engineering de-
velopment program in history and its purpose is to "offer an extensive range of facilities in a
unique environment that cannot be found on Earth, and will enable mankind to continue to learn how
to live and work in space for long periods" [1]. In this thesis I want to assess the possibilities of
an optical link between the ISS and a ground station. The benefits of establishing an optical
link to the ISS would be twofold: First, to advantageously make use of the easily accessible
and serviceable infrastructure; and second, to support the scientific program onboard the ISS
by providing a broadband link.

The current communication bandwidth available between ISS and ground is 72 kb/s for
the uplink and 43 Mb/s for the downlink mainly via TDRSS1, and possibly also via ARTEMIS
or DTRS2. When taking into account that a portion of the data traffic is needed to operate
the station itself, comparatively low data rate is available for research projects [1]. However,
bandwidth-consuming real-time monitoring of certain experiments may be desired to enlarge
the scientific output and/or reduce possible risks for the crew due to experiments out of
control.

Optical communication systems linking the ISS with other satellites or a ground station
have been considered quite from the beginning of the design of the ISS. Corresponding
projects are planned or under development in Japan [5,6], the USA [7] and, more recently,
also in Europe (cf. Chapt. 6).

The potential advantages of optical data transmission over RF-based systems are well
known and have been laid down in e.g. [8-11]. They mainly originate in the extremely high
carrier frequency. Compared to the S-band (2 GHz) or Ka-band (23 GHz) used by the TDRSS,
the frequency of a laser operating at, e.g., 1550 nm is higher by 5 or 4 orders of magnitude.
For equal antenna dimensions, this results in a beam divergence reduced by the same factor
and the potential availability of extremely high communication bandwidths. Data rates of
10Gb/s with antenna diameters in the range of 25 cm are achievable with state-of-the-art

lrThe Tracking and Data Relay Satellite System (TDRSS) is a radio frequency (RF) communication signal relay
system that provides tracking and data acquisition services between low earth orbiting spacecraft and ground.
The system is operated by the USA, consists of seven GEO satellites, and is capable of transmitting to and receiv-
ing data from spacecraft permanently [2].

2The European ARTEMIS and the Japanese Data Relay Test Satellite (DRTS), both GEO satellites, have RF
transmission systems to relay data between a spacecraft (low earth orbit satellites, space stations, etc.) and ground
stations [3,4].



CHAPTER 1. Introduction

components. The low divergence of the beam is not only a major merit but also a major
difficulty of optical communication systems. It asks for a sophisticated pointing, acquisition
and tracking (PAT) mechanism and impedes the possibility of multi-terminal or broadcast
communication. Links can only be established between two partners, a fact that might on the
other hand be desired for security reasons.

The altitude of the ISS is as low as some 400 km, resulting in a high relative velocity of
the space and ground terminal. For an ISS-to-ground link, this asks for fast tracking, and
a large point ahead angle (PAA). Another consequence of the low altitude is the compara-
tively short link duration. Only a few minutes of communication are possible for each orbital
pass. Depending on the latitude of the ground station there are about four passes with dif-
ferent possible link periods within every 24 hours, limiting the overall amount of data to be
transferred via the optical link. Of course, this problem could be overcome by using several
ground stations. It is not quite possible, though, to establish uninterrupted communication.
This would afford a very dense network of ground stations and two space terminals aboard
the ISS for handover.

Another issue is the fact that the ISS is a manned spacecraft. Security regulations are much
more stringent than on an unmanned satellite. Additionally, astronaut crew activities cause
high vibrations tightening the requirements for the PAT system.

Nevertheless, I think it is worth while to consider optical space-to-ground links, especially
employing the ISS as a platform for the space terminal. Such a system has the potential to
improve both the performance of the ISS communication and to enlarge the experience with
optical free space communication terminals.

1.2 International efforts towards satellite laser communication

Since the early seventies efforts towards optical space communications have been undertaken
worldwide, mainly in the USA, Europe, and Japan. Links from ground to space (and vice
versa), deep space communications and intersatellite links (ISL) were considered [12,13].
Recently, the first non-classified optical intersatellite link has been established between SPOT-
4 and ARTEMIS, two satellites built by European consortia [14].

In the following, I will give a brief overview of some optical space communication sys-
tems that have been designed and partially operated in the past 15 years. Projects repre-
senting milestones or having special impact on the ISS were selected. Representing the most
important parameters of optical communication terminals, the transceiver technology, tele-
scope aperture size, and the weight and power consumption of the system are emphasized.
The aim of this section is to assess the state-of-the-art within this field, providing a baseline
for the considerations to follow.

Systems realized and tested

Semiconductor Laser Intersatellite Link Experiment (SILEX): This project consists of two op-
tical communication payloads - OPALE and PASTEL - embarked on ESA's ARTEMIS
(Advanced Relay and Technology Mission Satellite) spacecraft and on the French Earth-
observation spacecraft SPOT-4, respectively. It allows data transmission at 50Mb/s
from low earth orbit (LEO) to geostationary orbit. The OPALE terminal on ARTEMIS
is capable of transmitting data at a rate of 2Mb/s. It can also receive an optical signal
from a LEO satellite. This link will be established either with the Japanese OICETS (cf.
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below) or with ESA's optical ground station (OGS) simulating a LEO terminal.
The SILEX terminais OPALE and PASTEL have an aperture of 25 cm, a mass of

157 kg and a power consumption of 150 W. Acquisition is achieved with a beacon
laser from OPALE (generated by 19 laser diodes) detected by CCD sensors located on
PASTEL, after pointing towards each other on the basis of satellites orbital data. After
detecting the beacon signal, PASTEL emits its communication signal which will be de-
tected by OPALE. OPALE then switches off its beacon [14].

On ARTEMIS, AlGaAs lasers operating at a wavelength of 819 nm with an output
power of 120 mW are used for data transmission. The receiver is based on direct detec-
tion at 847 nm [13,15].

The first successful link test took place on November 22, 2001, constituting the
very first non-classified communication between satellites using a laser beam as carrier.
A first image was transmitted on November 30, 2001. Also, an optical link between
ARTEMIS and OGS was established.

Laser Utilizing Communications Equipment (LUCE): The LUCE terminal is part of Japans
OICETS (Optical Inter-orbit Communications Engineering Test Satellite) spacecraft. It
is fully compatible with the SILEX terminal on ARTEMIS. When OICETS will be finally
launched (launch was planned for 1998 but is postponed since then), a bi-directional
link with the OPALE module shall be established. The terminal will transmit at a data
rate of 50 Mb/s and is capable of receiving 2 Mb/s [13,16].

Laser Communications Equipment (LCE): This Japanese project was planned to establish spa-
ce-to-ground and ground-to-space data transmission at 2 Mb / s and 1.024 Mb / s, respec-
tively. It was embarked on the ETS VI spacecraft, which did not reach the planned geo-
stationary orbit but an elliptical orbit, restricting the mission objectives.

The space-borne terminal has an aperture diameter of 7.5 cm. Its mass is 22.4 kg and
the power consumption is 90 W maximum. A semiconductor laser diode serves as light
source. The ground terminal in Tokyo has a 1.5 m telescope and uses an Argon laser for
the uplink. Intensity modulation and direct detection is implemented.

Due to the unexpected orbit of the satellite, most of the experimental results were
not achieved with the Tokyo ground station but with JPL's Table Mountain facilities in
California [17].

Space Technology Research Vehicle (STRV-2): One part of the STRV-2 was a low earth orbit
satellite laser communication terminal on the US Air Force Tri-Service Experiments
(TSX-5) spacecraft, launched in July 2000. The terminal was designed to transmit data
at up to 1.24 Gb/s over a link distance of 1600 km. The space terminal had an aper-
ture of 13.7 cm diameter for reception and 10 transmit apertures with 2.5 cm diame-
ter (8 for communication and 2 for the beacon laser). The ground terminal provided
three 30.4 cm transmit and one 40.6 cm receive aperture. All four telescopes were of the
Meade Schmidt-Cassegrain type [18]. Each of the transmit telescopes broadcasted 12
laser beams to reduce the uplink scintillation at the satellite.

The design of the satellite and the ground optical communication transceivers were
based on direct modulation of semiconductor lasers, direct detection using avalanche
photodiodes and separate acquisition/tracking and communication wavelengths of
852 nm and 812 nm, respectively. Acquisition and tracking was CCD-camera supported
and performed by two-axis gimbals in both the space terminal and the ground terminal.
The ground terminal had additional separate fine steering mirrors for all three transmit
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apertures and the receive telescope.
No optical communication link was achieved because the satellite terminal could

not acquire and track the ground terminal beacon, the reason being that the spacecraft's
attitude control operated out of specification [19-21].

GeoLITE: There are indications that there is another laser-based ISL operating, developed by
military research facilities in the USA. This system is believed to use a wavelength of
1 550 nm, optically preamplified detection, employing commercial off-the-shelf compo-
nents to a large extent. Obviously space qualifying Erbium doped fiber amplifiers has
been obtained. The name of the system is GeoLITE [12].

Systems developed but not yet launched

Coherent Detection Terminal (CDT): This demonstrator of an optical intersatellite link termi-
nal, developed by Bosch Telecom GmbH, Germany, is designed to communicate over
a distance of 6 000 km with an aperture diameter of 9 cm. The mass of the module
is in the range of 25 kg with a power consumption of less than 100 W and a lifetime
of more than 8 years. In the laboratory, data rates as high as 7.8Gb/s were demon-
strated, for operational conditions some 2.5 Gb/s are expected. The optical transmitter
employs a Nd:YAG laser and a LiNbC*3 waveguide modulator for phase modulation.
An Yb-doped fiber amplifier boosts the output of the modulator (some 100 mW) to the
desired transmit power of 1W. Homodyne reception implementing a Costas phase
locked loop is used. The tracking and acquisition subassembly works as follows: The
receiver front end comprises four fast communication photodiodes for data detection
and several large-area photo diodes for generating acquisition error signals. For gener-
ation of tracking error signals, two of the four communication photo diodes are divided
physically. There is no dedicated beacon laser, the communication laser is used for PAT
issues [22-24].

Coherent Analog Communication System (OPTEL 25): Anticipating a demand for optical ter-
minals which can handle analog transparent communications channels, Contraves Space
AG developed a coherent analog laser transmission system for intersatellite applica-
tions. The terminal is designed for GEO-GEO link with a link distance of 25 000 km.

The terminal is capable of transmitting, re-arranging and duplicating several ana-
log channels of 36 MHz bandwidth with a channel-spacing of 41 MHz. The transceiver
setup is similar to that of a digital terminal. The transmitter includes a Nd:YAG laser
operating at 1 064 nm, an electro-optical modulator and a booster amplifier. A high-
sensitive coherent receiver permits the transmit power and consequently the DC power
consumption of the terminal to be low.

Acquisition is performed by means of a beacon laser at 808 nm. To avoid large mov-
ing masses, coarse pointing is performed by a 2-axis mirror [25].

Systems employing the ISS

Laser Communications Demonstration Experiment (LCDE): The space terminal is planned
to be installed on the Japanese Experimental Module QEM) attached to the Interna-
tional Space Station. The aim of the project is to perform communication experiments
with several ground stations at a downlink data rate of 2.5 Gb/s and an uplink data rate
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of 1.2 Gb/s. The experiment was expected to take place in the year 2004 for a duration
of about one year, but right now it is dormant (information through personal commu-
nication).

One challenge is to compensate for the strong vibrations common to a manned space
facility. Coarse tracking is performed by 2-axis gimbals providing a field-of-view (FOV)
of 10 mrad and a Si CCD detector, fine tracking with a quadrant photo-detector and a
2-axis fast steering mirror.

The optical transceiver employs an Erbium-doped fiber amplifier (EDFA) capable
of boosting the output power to a maximum value of 1W. However, the actual output
power will be reduced to the level of 400 mW to assure eye safety. The laser wavelength
is 1 552 nm for transmission and 1 562 run for reception. DPSK or intensity modulation
will be implemented. The optical antenna is a coaxial Cassegrain type telescope with
Coudé optics and has a diameter of 15 cm. The terminal weighs less than 90 kg and has
a power consumption below 115 W [5,6].

Optical Communication Demonstration and High-Rate Link Facility (OCDHRLF): The Jet
Propulsion Laboratory is developing a Gb/s-class optical communications downlink
for the ISS in cooperation with the International Space Station Engineering Research
and Technology development program (ISSERT). The OCD terminal [26] is adapted for
this purpose. Operation of the OCDHRLF was planned for October 2002. Right now,
the project seems to be in a dormant state.

The diameter of the transmit aperture for the flight terminal and the ground receiver
aperture are 10 cm and 100 cm, respectively. For eye safety reasons, a wavelength of
1 550 nm is chosen for the transmit signal. An Erbium-doped fiber amplifier boosts the
directly modulated data signal provided by a DFB laser to an output power of 200 mW.

To provide a reference signal for the PAT system at a wavelength sensitive to silicon
focal plane arrays, the light from a low-power 980 nm laser diode is coupled in the
single mode fiber carrying the transmit signal after the booster amplifier. A steering
mirror is used for controlling the beam, while coarse pointing is performed by a gimbal
[7,27].

Assessment

The development of free space laser communication has not yet reached a high degree of ma-
turity and no general design rules have been established. This opens a wide field for research
and development to which this work may contribute. Nevertheless, several tendencies can
be observed when surveying past projects.

The first applications in mind for free space laser communication terminals was data re-
laying using a geostationary satellite (e.g. ESA's SILEX mission) or communication for deep
space missions (e.g. by NASA's JPL). In the early 90ies the conception of satellite networks
like TELEDESIC or IRIDIUM seemed to open a promising field for laser communication ter-
minals. Unfortunately, developments in that direction have proven to be commercially un-
profitable and consequently are now dormant. On the other hand, the successful operation
of SILEX and projects concerning the ISS (e.g. LCDE, OCDHRLF) give hope that, with the
experience to be gained, the development of future systems will accelerate.

As a receiving method, direct detection was implemented first because of the compara-
tively simple setup (examples are the projects SILEX, LCE [17], and OCD [26]). Later, coherent
receivers were investigated with the aim to achieve higher sensitivity and better immunity to
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background radiation. Examples for these efforts are Lincoln Labs' "space coherent optical
communication system" and SOLACOS [28] and SROIL [13] in Europe. Presently the two
prime candidates for long-distance optical free space links are one based on Nd:YAG lasers
(wavelength A — 1064 nm) with homodyne reception and one based on semiconductor lasers
operating at A = 1550 nm with direct detection. The advantage of the former is a somewhat
better sensitivity (at least in theory), the merit of the latter its simplicity and the excellent
availability of commercial off-the-shelf components developed for the fiber communication
market. Lately the competition was pushed by attractive experimental results for the sensi-
tivity of direct detection systems [29,30].

In the following section I will detail the mentioned reception technologies and point out
which technology I consider best suited for the considered link scenario.

1.3 Receiver technologies

The receiver front-end is a crucial subsystem of any free space laser communication terminal.
Because of the large distances in combination with the small telescopes usually employed to
save on weight, high path attenuation has to be expected (without the possibility of in-line
amplification, of course). This fact and the limited transmit power available at the transmitter
aboard a space-based terminal leads to the desire to optimally exploit the power available at
the receiver. Therefore the receiver sensitivity - the input power (or the number of photons
per bit) necessary to achieve a certain bit error probability - is one of the major parameters
when designing the optical transceiver. I will now discuss five different receiver technologies
and their impact on system performance:

• direct detection (DD)

- DD with pin photo-diodes

- DD with avalanche photo-diodes (APDs),

- optically preamplified DD;

• coherent detection

- homodyning,

- heterodyning.

The receiver sensitivity is often expressed relative to the quantum limit of the correspond-
ing technology. This limit is the performance resulting from an ideal system neglecting any
background illumination or noise from subsequent electronics. Any bandwidth limitation is
matched to the input signal's pulse shape. The only non-ideal effect taken into account is the
statistical distribution of the photons arrival instant at the photo diode and (for the optically
preamplified DD receiver) the amplified spontaneous emission (ASE) of the preamplifier.
Anyway, I will not only discuss the performance concerning input power but also mention
issues such as sensitivity towards background radiation, fiber coupling, availability of com-
ponents, and technological difficulties. These considerations will put me in the position to
make a choice of the proper technology for a link from the ISS to a ground station.
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Direct detection employing pin diodes

The most simple way of detecting optical data is direct detection employing pin photo-diodes3.
The optical signal at the telescope is coupled to the photo-diode. The electrical signal pro-
portional to the optical input power is then amplified and filtered. The receiver sensitivity
achievable with this technology is poor (some 5 000 photons per bit [31,32]) because of the
high impact of thermal noise, wich lets me exclude direct detection receivers employing pin
diodes from further considerations.

Direct detection employing APDs

To improve the performance of direct detection receivers, the incoming signal is amplified
within the photo-diode [33]. Sensitivity performance is not close to the quantum limit at data
rates beyond 1 Gb/s due to the limited gain bandwidth product and the comparatively large
excess noise factor4 of APDs. Some 1000 photons per bit are necessary to achieve a bit error
probability of 10~9 [34] at a data rate of 10 Gb/s; some 200 photons per bit are needed at
50Mb/s[15].

To avoid problems that might come along with single-mode fiber coupling (position-
ing, angular alignment [35]), the possibility of multi-mode fiber coupling or positioning the
photo-diode directly in the focal point of the telescope seems to be an attractive method.

If the telescope/fiber system has a larger field-of-view (FOV) than given by the diffraction
limit, spatial filtering of the background radiation will be poor, leading to high performance
deterioration when bright celestial bodies like Sun or Venus are within the receive telescope
(FOV). A single-mode fiber would act as optimum spatial filter and therefore reduce the in-
fluence of background radiation.

Optically preamplified direct detection

Optically preamplified direct detection receivers are presently considered in different free-
space laser communication projects, namely LCDE [5,6] (Japan), and OCDHRLF [7,27,36] as
well as GEO-Lite [12] (USA). They combine the properties of a comparatively simple setup
and of high realizable receiver sensitivity.

A low noise optical preamplifier is employed at the receiver's front end. This ampli-
fier (fiber amplifier or semiconductor amplifier) introduces amplified spontaneous emission
(ASE) with the power spectral density NASE,P — hfGpFp/2 per spatial and polarization mode
[33,37,38]. In this equation hf stands for the energy of a photon, Gp represents the pream-
plifier's gain and Fp denotes its noise figure, which is always larger than 3 dB. This inco-
herent light adds to the background radiation5 N{,flCjt, resulting in a total power density of
No = NASE,P + GpNfart at the amplifier output. Assuming the power gain of the amplifier
to be high, the detection noise is dominated by beating of either No with itself or with the
signal. In most cases the second contribution will have a more pronounced influence on
system performance than the first. The optical preamplifier is usually a single-mode device
and therefore serves as spatial filter for the incoherent background radiation. It is shown in

3The abbreviation pin stands for p-doped/intrinsic/n-doped, and describes the basic layer structure of the associ-
ated semiconductor device.

4The excess noise of an APD is caused by the statistic nature of the multiplication process.
5The background radiation may comprise the ASE from the booster amplifier at the transmitter, cf. Sect. 4.2
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Sect. 4.4.5 and in [29] that for a well-designed system, optically preamplified DD receivers are
nearly insensitive to background radiation.

An optical bandpass filter is implemented after the preamplifier to spectrally curtail the
broadband ASE and background radiation. The choice of the bandwidth of this filter is not
a trivial task. On one hand, too narrow filters not only introduce optical intersymbol in-
terference (ISI) but may also reduce the signal's power. Additional problems arise with the
alignment of the filters' center wavelength and the laser's emission wavelength. Too broad
filters on the other hand fail to sufficiently reduce the ASE power at the photo-diode. Similar
considerations apply for the bandwidth of the electronics following the photo-diode.

My colleges and I experimentally approached the theoretical limit for the receiver sensi-
tivity of 38 photons per bit by as much as 1.5 dB, i.e. requiring 52 photons per bit at a data rate
of 10 Gb/s. In this case I employed return-to-zero (RZ) coding scheme [39]. For the same data
rate, in the course of the FALCO project performed at the Vienna University of Technology
and supervised by ESA, I obtained a value below 110 photons per bit with commercial off-
the-shelf components (except for the sampling circuit) and a very simple transmitter setup
(non return-to-zero (NRZ) coding) [29]. Optically preamplified direct detection receivers will
be thoroughly discussed in Chapt. 4 and Chapt. 5.

Coherent receivers

There are two possible ways of coherent detection: heterodyning and homodyning. Both
implement a local laser oscillator (LO), whose signal beats with the communications signal
when detected by the photo-diode. For homodyning the frequency of the LO is exactly the
same as the received signal's carrier frequency, the optical signal is transformed directly into
baseband [31,40,41]. For heterodyning there is a frequency difference of 3 to 5 times the data
rate resulting in a corresponding intermediate frequency.

To obtain high-sensitive receivers, the strong LO not only amplifies the received signal
but also dominates all other technical noise sources by its shot noise. Since the optical signal
is completely transposed to the electrical regime (i.e. with amplitude and phase), demodula-
tion can be carried out electronically. Therefore, various modulation formats are possible for
coherent receivers (e.g. OOK, FSK, PSK, DPSK).

Coherent receivers are very robust with respect to background radiation since the LO
serves as a spatial single-mode filter. The limit for negligible Nback is the same as for optically
preamplified DD receivers.

Irrespective of the modulation format applied, heterodyne receivers have the same theo-
retical sensitivity limit as optically preamplified direct detection receivers when employing
DPSK, i.e. 20 photons per bit, being 3 dB below the theoretical minimum sensitivity for OOK
and DD [40,42]. For PSK modulation, homodyning yields an improvement of 3 dB with re-
spect to heterodyning, resulting in a quantum limit 6 dB below that for optically preamplified
OOK reception.

The improved sensitivity for coherent receivers comes at the price of increased system
complexity. For heterodyning, the receiver electronics must provide a bandwidth of about 5
times the data rate, which might be a limiting factor when transmitting in the Gb/s regime.
Additional problems may arise, if the linewidth of transmit laser and/or LO is not far below
the signal bandwidth. For homodyning, an optical phase locked loop has to be realized which
locks not only the frequency of received signal and LO, but also the phase. Wavelength fluc-
tuations and Doppler shifts, a consequence of the relative velocity of the two terminals, must
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be compensated for. For heterodyning this can be done by an electrical LO, for homodyning
the compensation must be performed in the optical regime. (Direct detection receivers on the
other hand are generally indifferent to such frequency deviations, provided that the optical
filter is not too narrow.)

As already mentioned, information about frequency and phase of the incoming signal is
preserved in coherent receivers. This imposes high demands on the quality of the telescope,
mirrors, and coupling lenses of the optical system to avoid wavefront errors. Single-mode
fiber coupling of any component is mandatory since the light propagating in a multi-mode
fiber is not coherent.

Technically achievable receiver sensitivities

In Tab. 1.11 summarize the quantum limit for the different receiver technologies and compare
these theoretical limits with experimentally achieved receiver sensitivities at a data rate of
R — 10Gb/s. The lowest sensitivity achieved was for an optically preamplified DD receiver.

K = 10Gb/s
BEP = 1 0 " 9

modulation format
ideal sensitivity

(in photons per bit)
reference

experimentally
achieved sensitivity
(in photons per bit)

reference

homodyne

PSK

9

[43]

101

[44]

APDDD

OOK

10

[31]

2000

[34]

optically
preamplified DD
OOK

38

[31]

52

[39]

DPSK

20

[31]

30

[45]

Table 1.1: Theoretical limits and experimentally achieved sensitivities for different receiver
technologies (Ä = 1 550 run, R = 10 Gb/s)

Assessment

The high technological complexity and the fact that subsystems (e.g. the optical phase locked
loop employed to keep the LO's frequency at that of the receive signal) are not highly devel-
oped, especially for a wavelength of 1550 nm (which I intend to focus on as lined out in the
following section), make me exclude homodyne reception in further considerations. Hetero-
dyne receivers, although less sophisticated, are more limited with respect to data rate than
their competitors.

The sensitivity values achievable with APD receivers at high data rates are not very en-
couraging. Nevertheless, the advantage of the simple setup and the possibility of multi-mode
fiber coupling give a motivation to opt for this technology especially when considering a low-
cost laser communication terminal.

The high degree of development of the components in a optically preamplified direct
detection receiver along with the excellent sensitivity results let me conclude that this tech-
nology seems to be the best choice for ISS-to-ground laser communication systems, especially
when considering data rates in the multi-Gb/s-regime. The present thesis will be focussed on
optically preamplified direct detection receivers, other technologies will frequently be called
on for comparison.



10 CHAPTER 1. Introduction

1.4 Choice of laser wavelength

Custom wavelengths for laser communication systems and the corresponding laser materials
are:

532 nm
830 nm

1064nm
1550nm
10.6 fim

Nd:YAG (frequency doubled),
AlGaAs,
Nd:YAG,
InGaAsP,

co2.
The first choice for free space systems were CO2 lasers (e.g. [46]) because of the high

output power that can easily be obtained with such devices and the availability in the early
days of optical communication. Another issue is the relaxed PAT requirement due to the
increased divergence when using such long wavelengths. Also Nd:YAG solid state laser
systems were investigated in early days and are considered until now (e.g. [47], CDT [22],
and OPTEL 25 [25]). Semiconductor laser diodes were implemented since their development
because of the compact and robust setup typical for semiconductor components. The most
prominent system based on this technology is SILEX [13].

The main motivation for the choice of the wavelength to be considered within this thesis
is the availability of highly developed components. Most long-haul terrestrial fiber commu-
nication systems operate at 1550 nm because of the comparatively low fiber attenuation and
because of the availability of low-noise optical amplifiers, namely Erbium-doped fiber am-
plifiers (EDFAs). Little modifications are necessary to make these components applicable for
space-based systems. Therefore I will confine the considerations to follow to a wavelength of
A = 1550nm.

In difference to terrestrial applications, the most critical issues for space-borne laser com-
munication terminals are the high demands for reliability and the increased radiation in
space. The temperature environment is generally quite stable aboard a spacecraft. The most
sensitive subsystem of the optical transceiver with respect to radiation hardness is the EDFA.
Nevertheless it was reported lately that not more than 0.5 dB performance loss due to radia-
tion by a dose of 100 krad has to be expected [30].

The technology transfer may as well work in the reverse direction: A space-borne laser
communications terminal designed for 1 550 nm can easily be adapted for terrestrial free
space links, an emerging technology with high growth potential. Such links are used to estab-
lish fast and cheap last-mile connections or to provide an intermediate solution until fibers
are laid.

Another important issue, especially when directing a narrow laser beam towards a man-
ned spacecraft, is eye safety. At the wavelength of 1550nm, being well above the visible
range, the lens of the human eye does not focus incoming light into the cornea. Possible
eye damage can occur only due to absorption in the lens itself. In a space-to-ground link
the spatial power density on ground or at the space terminal (i.e. at the ISS) will not be high
enough to cause harms of that kind6.

The beam divergence being large compared to systems operating at 1064 nm or 830 nm
for equal transmit antenna aperture might be seen as a disadvantage of the wavelength Ä =
1550 nm, when the link loss due to beam divergence is considered.

6 According to the laser classification system, beams with a power density of less than 25 W/m2 are considered
uncritical.
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1.5 Intention of the work

The purpose of this work is to make assessments on the engineering aspects of a free space
laser communication system establishing a link between the ISS and a ground station. Main
focus will be placed on the optical receiver, namely an optically preamplified direct detection
receiver, operating at the wavelength of 1 550 run. The transmitter properties will only be
mentioned with regard to their influence on the receiver performance.

In the following two chapters I will give an overview of the link properties, concerning
link availability, attenuation, atmospheric influence, and background radiation. The engi-
neering challenges of pointing, acquisition and tracking will be addressed.

Thorough investigations on the design parameters of the receiver with respect to opti-
mum sensitivity, both theoretically and experimentally, have been performed. In Chapt. 4,1
report on the results of these efforts and line out how the different parameters interact in the
system.

I set up a breadboard implementing devices available commercial off-the-shelf to assess
the potential of utilizing fiber communication technology for free space laser communication.
The results are summarized in Chapt. 5.

Recently, communication schemes making use of quantum physical effects like, e.g., en-
tanglement or the "no-cloning theorem" have reached a degree of development as to leave the
laboratory of experimental physicists and become commercially available. The adaptation
of such techniques for space-to-ground links is discussed in Chapt. 6 from the engineering
point-of-view.

It is my conviction that free space laser communication - though being in its infancy still
- is going to play an important role in future worldwide communication networks. Both,
the increasing demand of individual broadband access to the internet or other information
services to come, and decreasing costs for development and launch of satellites will lead to
the advent of this powerful technology.
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Link Properties

2.1 Link distance

The ISS is in a low-earth orbit (LEO) with an inclination angle of 51°. It performs 15.6 orbits
per day, corresponding to 92 minutes for one revolution. The altitude varies between 350 km
and 460 km, depending on the solar activity cycle, causing the atmosphere of the earth to
expand and shrink. Expanding atmosphere forces the ISS to increase its altitude to minimize
atmospheric friction causing the ISS to sink. Besides these comparatively slow altitude vari-
ations1, there are periodical reboosts to compensate for the unavoidable atmospheric drag of
some 200 m downwards per day [1,48]. I will take an average altitude of 400 km as base-
line for the calculations to follow. The possible duration of communication will be longer,
whereas the link attenuation will be worse than the results presented when the ISS eventu-
ally is at higher altitudes.

In the following, the distance L of a satellite with altitude h from a ground station with
given altitude above sea-level a is calculated depending on the elevation angle £ for a < h.
Figure 2.1 shows a sketch of the orbit of the satellite over the Earth's surface {rE ... radius of
Earth). I consider the triangle L,rE + a and rE + h. Simple trigonometric calculations yield2

L=(rE
, ,rE+a \
1 - ——rcos£+h J (2.1)

In literature dealing with the influence of the atmosphere (e.g. [49-51]), the distance L is
calculated by using the asymptotic value, valid for rE —> oo,

L = — • (2.2)
sine

Figure 2.2 shows calculation results for the link distance L for the elevation angle from e = 0
to 90° for h = 500 km, the altitude of the ISS. The altitude of the ground station3 a = 2.5 km.
The Earth's radius is rE = 6 377 km. Especially for low elevation angles, the error of the
approximation is considerable (e.g. 20% for e = 20°). Although the link distance amounts
to 2 290 km for an elevation angle of 0°, I will assume a minimum elevation angle of some

lrThe solar activity cycle lasts for 11 years.
2A11 angles have to be inserted in the equations in radians, even if given in degrees in the text.
3The altitude of the ground station has little effect on the rough calculations performed here (the exact shape

of the Earth is not considered, also), and will therefore be neglected from now on (a = 0).

13
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£min = 10° as more realistic for an optical communications link. According to cf. Fig. 2.2 this
corresponds to L = 1430 km.

satellite
ground station

Figure 2.1: Satellite on its orbit over a ground station.

2500

2000

500

0

exact calculation
approximation

0 10 20 30 40 50 60 70 80 90
elevation angle e [°]

Figure 2.2: Distance between ISS and ground station as a function of the elevation angle for
h = 400km,a - 2.5km, andrE — 6377km .
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2.2 Link availability

As a consequence of the low altitude of the ISS, the link time is limited to a few minutes for
each orbital pass (cf. e.g., [52]). I will now estimate4 how often and for how long a link may
be established. The situation of the ISS passing a ground station is depicted in Figure 2.3
(a). The potential link duration depends on the minimum elevation angle em,„. Figure 2.3 (b)
shows schematically the trajectory of the ISS over a ground station. That part where a link
is possible is highlighted with a bold line. I use five parameters to estimate the link period
for a certain orbit: the inclination <£, and altitude h of the ISS, the ground station's latitude
W, the minimum elevation angle5 £mm, and the longitudinal shift of the actual orbit A/o„̂  (cf.
Appendix A).

ISS trajectory
ISS

(b)

Figure 2.3: ISS on its orbit and ground station with its potential field of view (a) and trajectory
of ISS over the field-of-view of a ground station as seen from above (b). The possible duration
of communication depends on the minimum elevation angle £mm and the longitudinal shift
(Aiong) between the ground station and the space station in its zenith as seen from the ground
station; emax is the corresponding maximum elevation angle. The angle £, is measured with
respect to a line parallel to the equator.

I chose ESA's optical ground station (OGS) on Tenerife as an example for a possible lo-
cation of the ground terminal. Details about this site can be taken from, e.g., [52]. In Fig. 2.4
numerical values of the link duration as a function of the minimum elevation angle and the
longitudinal shift following Eq. (A.7) as derived in Appendix A can be read off for the OGS
Q¥ = 28.3°).

4There are certain simplifications leading to the presented results: The Earth is assumed to be a perfect sphere,
the orbit of the ISS is a circle, and the trajectory of the ISS over the ground station is a straight line

5The elevation angle for which communication is possible may be restricted by atmospheric conditions or
sight obscurations like, e.g., mountains or buildings.
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The overall orbit shift is about 25° longitude difference. This will be experienced for some
14% of all the orbits. With 15 orbits per day this results in two links within 24 hours.
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Figure 2.4: Maximum duration T of communication between ISS and the OGS (given in min-
utes by the numbers inserted along the lines) as a function of the elevation angle and the
difference in longitude of the ground station and the satellite when in zenith as seen from the
ground station.

2.3 Influence of atmosphere

The Earth's atmosphere extends to approximately 700 km above the surface and consists of
several distinct layers. Pronounced density is found only within the lowest 20 km. This is
the effective height responsible for distortions of propagating electromagnetic waves. At-
mospheric effects on the beam propagation at optical wavelengths can be divided into three
categories, namely absorption, scattering, and turbulence [49,50].

2.3.1 Absorption

Absorption occurs when the optical electromagnetic field transfers energy to the molecular
constituents of the atmosphere such as water vapor, carbon dioxide, and ozone. Molecular
absorption is rather a line than a band phenomenon. It therefore exhibits a strong dependency
on wavelength [49,53]. Different weather conditions cause variations of the atmospheric
absorption by several orders of magnitude. For clear skies some 1-2 dB atmospheric loss
have to be expected at A = 1550 nm (see Fig. 2.5).
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2.3.2 Scattering

Atmospheric scattering due to molecular sized particles is called Rayleigh scattering. For
objects large compared to the wavelength, Mie scattering occurs. Rayleigh scattering, being
proportional to A~4, is dominant for short wavelengths, while Mie scattering does not depend
on the wavelength that strong [53].

Figure 2.5 represents measurements of the atmospheric transmission including absorption
and scattering as a function of wavelength, considering both absorption and scattering [53].

II
Atmospheric windows

HI IV vra

I Scattering envelope — | — ^ ,

0.72 0.94 1.13 1.38 1.90
Wavelength, X, microns

4.3 6.0 15.0

Figure 2.5: Atmospheric transmission as a function of wavelength (from [53]).

2.3.3 Turbulence

Wind blowing over an aerodynamically rough region of the Earth's surface in the presence
of a temperature gradient creates fluctuations in the atmosphere's refractive index known as
optical turbulence. These changes in the index of refraction cause turbulent eddies, acting
as random optical lenses which refract the propagating light. The effect of these lenses is an
enlarged divergence, resulting in a reduced amount of signal power collected by the receive
telescope and consequently a reduced signal-to-noise ratio (SNR). Other consequences of at-
mospheric turbulence are wavefront distortions, deteriorating the performance of coherent
receivers (cf. Sect. 1.3), and beam wander.

At a certain point % the refractive index can be written as

n (#) = n o + „1(^) / (2.3)

where no and n\ are contributions independent and dependent on pressure and temperature,
respectively. The actual values of pressure and temperature not only vary spatially within the
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beam's diameter but also show a fluctuation in time. The properties of the atmosphere con-
cerning turbulence are often represented by the structure constant C2(3î). As a consequence
of the statistical fluctuations of the atmosphere's local behavior, the spatial dependence of the
structure constant is often reduced to be solely a - time averaged - function of the altitude,
(C2(#)) = Cl(h), where h is the height above ground. For the Hufnagel-Valley (H-V) model,
which is often used to obtain numerical approximations of empirically obtained values for
C2(/i), the only parameters besides the altitude are the so called pseudo wind speed vpw and the
value of the structure constant on ground C2

 0 = C2(0) [50]:

Cjj(fc) = 0.00594(^/27)2(10-5/!)10exp(-fc/1000)
+2.7 • 1CT16 exp(-fc/1500) + Cjj,o exp(-/i/100). (2.4)

Figure 2.6 shows the structure constant as a function of the altitude for different values of v^
and C2

 0 typical during daytime. For extremely low or high turbulence, the structure constant
on ground can become C2

 0 = 10~17 m~2/3 or C2
 0 = 10~9 m~2/3, respectively. ;

!!! C2
n =1.7-10"13 m" 2 / 3 ::!:?:::»::;:!:;::::i::::ii:^:i!!!!!:!!!i!?! v =10m/s i

• I n,U I I ; :...:.: : pu>

in-o : •v::-.;;;:;;--^^;-?: rîïï;r;ï; V\i v = 2 1 m / s '
M\\\\M\\l\\\\\M\\\\l\\vA^^ -- » ^ = 30111/8:

IQ-2°I i'TiiViiii i'TTiiïïii rTTïiiïïi rïTTiïïii iPi'ri'iii;
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Figure 2.6: Structure constant C%(h) following from the H-V model as a function of the alti-
tude h.

The divergence of optical beams due to atmospheric turbulence can be estimated from
the Fried parameter r$ [54]. This can be interpreted as the aperture which has the same di-
vergence as a diffraction limited aperture in the absence of turbulence. The Fried parameter



2.3 Influence of atmosphere 19

is calculated from the structure constant as [55]

2.91

(T88

-3/5

(2.5)

with the link distance L and the wavelength A.
I will assume that the divergence due to turbulence adds quadratic to the divergence of

the telescope (cf. following subsection). Recently obtained estimations for the Fried parame-
ter at A = 1 550 nm, valid for the optical ground station at Tenerife are:

• TQ = 20 mm for strong turbulence,

• TQ = 80 mm for medium turbulence,

• ro = 200 mm for weak turbulence.

The value for weak turbulence agrees very well with the numerical result obtained from
Eqs. (2.4) and (2.5) being r0 = 193 mm for upa, = 21 m/s and Cjj#o = 1.7 • 10~14 m~2/3.

It shall be stated that the impact of turbulence depends on:

• wavelength (ro oc

• elevation angle (affecting the link distance),

• direction of transmission.

The effect of atmospheric turbulence is quite different for a space-to-ground link and a
ground-to-space link and this has been called "shower curtain effect". The view from the
inside out (from behind the shower curtain) is very much blurred, while the view from the
outside in (from some meters away from the shower curtain) is comparatively clear. The same
applies for a space-to-ground link, where the light propagates through vacuum for the most
of the distance first before being disturbed by the atmosphere, whereas for a ground to space
link the beam spreading effects of turbulence take place at the beginning of the propagation,
causing strongly enhanced divergence (Fig. 2.7).

I
CO , „ (

\l—

Figure 2.7: Shower curtain effect
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2.4 Link attenuation

The attenuation factor A can be defined as the ratio of the optical power made available by the
transmitter, P-r, to that provided to the receiver's detector, PR. Figure 2.8 serves to illustrate
this definition in case of a free-space link.

M
optical transmit

transmitter telescope,
source Dv TT

receive
telescope,

D„, TR

optical
detector

Figure 2.8: Layout of a free-space one-way link.

The attenuation factor A = PT/PR is roughly given by

L2A2 1
A

where L is the link distance, A the wavelength, and Dj and DR the diameters of the trans-
mit and receive telescope. With Tj and TR I denote the transmission factors (< 1) of the
telescopes, Lp is the pointing loss due misalignment of transmitter and receiver. This basic
relationship applies if

• the receiver is in the transmitter's far field, i.e. L > Dj/A,

• the transmit telescope is diffraction limited,

• there is no influence of the atmosphere.

While Eq. (2.6) applies for space-to-ground links, it is modified for ground-to-space to
take into account an additional attenuation of the atmosphere and the influence of turbu-
lence, which can be neglected for space-to-ground links (cf. former section). The diffraction
limited divergence caused by the aperture diameter of the transmit telescope is increased
when the beam passes turbulent atmosphere, depending on the Fried parameter, ro, which can
be interpreted as an "effective aperture" [54]. As already stated, I assume that the divergence
due to turbulence adds quadratic to the divergence of the telescope [56]. The attenuation
factor may then be approximated by

A = IO
D\ TT(1-LP)TR

where Aatm is the attenuation of the atmosphere, given in [dB]. The divergence angle6 result-
ing from the transmit telescope is assumed to be

6T = ^~ (2.8)

6The beam divergence angle is defined as the increase in the diameter, measured in rad, of a beam where the
irradiance is 1 /e2 of the peak irradiance.
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and the turbulence causes the additional divergence

A
(2.9)

Figure 2.9 shows a contour plot of the attenuation factor as a function of the ratio of the
receive telescope aperture to the link distance and the transmit telescope aperture for the
ground-LEO uplink for 1 550 run. Two additional vertical scales give the link distance for
30 cm receive telescope aperture and the receive telescope aperture for 400 km link distance.
The lines of equal attenuation are separated by 5 dB. The corresponding plot for the LEO-
ground downlink is shown in Fig. 2.10.
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Figure 2.9: Attenuation factor A as a function of the ratio of the receive telescope aperture DR
to the link distance L and the transmit telescope aperture Dj for a ground-LEO uplink.

To obtain the presented results, I assumed an altitude of the ISS of 400 km representing
the lower limit of the link distance (cf. 2.2).

The baseline for the ground aperture is 1 m, because this is the telescope diameter of the
OGS. Telescopes with a diameter of 20 to 30 cm are small and light enough to be operated on-
board a space platform. Larger telescopes are feasible, whereas expensive and more difficult
to handle.

I assume the transmission factor of the involved telescopes to be Tj = TR = 0.8 and the
pointing loss to be Lp — 0.2, representing typical values. The assumption of an atmospheric
attenuation of Aatm = 1 dB applies for excellent seeing conditions (no haze, fog, or clouds)
and is valid only in certain wavelength regions. Following the intention to cover favorite
scenario conditions, the calculations are performed for weak turbulence, rç, = 200 mm.

Due to the turbulence the attenuation for the uplink is considerably worse than for the
downlink. Another consequence of the turbulence is that increasing the transmitter aperture
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Figure 2.10: As Fig. 2.9 but for LEO-ground downlink.

for the uplink beyond 60 cm has almost no effect on the attenuation factor.
Compared to the values presented in [57], the divergence obtained with my model is

lower by a factor of 1.5. (However I do not know the exact turbulence conditions assumed
in [57].) Also, the ARTEMIS - OGS downlink experimental results are slightly worse than
my calculations would predict [58]. I am aware of the fact that I probably underestimate
the turbulence effect, but I will use my model to calculate a lower-bound estimation for the
attenuation factor. . . . .

2.5 Background radiation

The receiver not only detects the signal from the transmitter but also unwanted light from
celestial bodies. This may have a degrading effect on system performance. The spectral radi-
ance (the unpolarized radiant power into a angle increment per unit area of source and unit
wavelength, given in [W/m2m sr]), from a self-emitting source at temperature T is described
by Plank's law [53,59]:

2hcz

( 2 1 0 )

where A is the wavelength, c is the speed of light, while h and k are Planck's and Boltzmann's
constant. Figure 2.11 shows the spectral radiance as a function of the wavelength for several
temperatures and its maximum as depending on the temperature, following N;im<«(T) =
4.1-10-6T5W/m2msrK5 .

The major source of background radiation is the Sun, either when looking directly into it,
or through reflected sunlight from other objects like planets, the Moon and also the ISS. For
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10
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Figure 2.11: Blackbody spectral radiance. The dashed line represents Wien's displacement
law TAmax = 2 898 K/zm. The inset shows the maximum of the spectral radiance as a function
of the temperature.

ground-based receivers, a certain amount of background radiance has to be expected from
the sky due to scattered sunlight [53].

By employing the definition of the spectral radiance, the power spectral density accepted
by the receiver's telescope7 originating from a radiating body yields

Nback(A) = [W/m] (2.11)

depending on QR = DRTT/4R2 , the solid angle subtended by the receiver at the source (with
DR is the receive telescope diameter, and R the distance between the receiver and the radia-
tion source), and Aejj the area of the source as seen from the receiver.

If the source appears bigger than the receiver FOV, i.e., Cls > Q-FOV8 (cf- Fig. 2.12 (a)) the
effective area is

Aeff = (2-12)

7To directly compare the power resulting from background radiation with the signal power from the transmit-
ter reduced by the attenuation as defined in Eq. (2.7), the atmospheric attenuation and the receive telescope have
to be considered, i.e. the results presented in this subsection have to be multiplied by the factor TRT^ (cf. former
section).

8The solid angle subtended by the source at the receiver is Clg = D^n/4R2, where Dg is the diameter of the
source. The receiver field-of-view reads ClpQy — nQ^Qy/A, where &FOV *s t n e p l a n a r angle of the receiver FOV.
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(a)

background source

Figure 2.12: Background source and receiver. Cls is the angle subtended by the source at the
receiver and Clpov is the receivers field of view, (a) Cls > QFOV, (b) Cls <

leading to9

while for Cls < C1FOV (cf. Fig. 2.12 (b))

A -

(2.13)

(2.14)

leading to

NbackW = (2.15)

where Ds is the diameter of the radiation source and Arec — D|TT/4 is the receiver's area.
With the definitions of the number of spatial modes [61]

m =
&DL

for Cls >

and
m = —— for Cls < &-FOV,

CIDL

respectively, the power spectral density is

The power spectral density per frequency unit, given in [W/Hz], reads

Nback(f) = Nback(A)^ = m ^

(2-16)

(2.17)

(2.18)

(2.19)
9The diffraction limited FOV is dDL = AX/{nDR) [60].
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2.5.1 Radiation from celestial bodies and ISS

For radiation caused by self emission (e.g. stars) and by reflected sunlight (e.g. ISS, Moon,
planets), it is customary to define the spectral irradiance (radiant power incident upon a
surface per unit surface area and unit wavelength) since the actual or projected area of the
source is not generally known, especially for stars. The spectral irradiance is related to the
spectral radiance by [53]

H(A) = N(A)QS [W/m2m]. (2.20)

By applying this definition, Eq. (2.19) is modified to express the background power spectral
density as a function of the spectral irradiance,

The spectral irradiance can be calculated with [61,62]

2.9-lQ-nm5K5

The maximum value of 'K(A) concerning wavelength is denoted by ^Kpefljt(M, Tejf). It depends
on the magnitude10 M and the effective temperature of the object Teff. For self-emitting ob-
jects this is the temperature of the object; for objects reflecting the light of a star, Teff is the
temperature of this star. The maximum spectral irradiance is calculated as [62]

O rO.èlum \ - 1

1 •N(A,Teff)dA) , (2.23)
with Jo = 3.1 • 10~9W/m2, the reference visible irradiance [62]. The resulting peak spectral
irradiance is shown in Fig. 2.13 as a function of the effective temperature for different magni-
tudes.

For self emission of the planets and the Moon, Eq. (2.20) has to be modified, because these
objects are assumed to radiate as grey bodies rather than black bodies. The spectral irradiance
then becomes [62]

H(A) = (1 - A)C1SX(*' Tse)- (2-24)
Here, A is the ratio of the amount of electromagnetic radiation reflected by the body to the
amount incident upon it, the albedo [63], and Tse is its effective surface temperature for self
emission.

Figure 2.14 shows the spectral irradiance for the brightest celestial bodies and the ISS. The
parameters used to obtain the presented results are given in Tab. 2.1. For Moon and Venus
both self emission and reflectance are taken into account, which means that the irradiance
resulting from Eq. (2.24) and Eq. (2.22) are summarized. The spectral irradiance then expe-
riences two maxima, one for sun reflectance and one for self emission, at lower and higher
wavelengths, respectively. For the wavelength considered here, self emission has a negligible
influence. For the other objects, only Eq. (2.22) applies.

The power spectral density per frequency unit following Eq. (2.21) is shown in Fig. 2.15
for the brightest objects in the sky and the ISS for the diffraction limited case dpov = @DL-
Using the parameters given in Tab. 2.1, the case Os > ^FOV applies for all bodies but for the
Sirius, when considering reasonable telescope diameters.

10The brightness of an object relative to a reference star is called its magnitude M, which has dimension 1.
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Figure 2.13: Peak spectral irradiance ^Kpa,jt(M, Teff) for different values of the magnitude ver-
sus effective temperature.

Sun
Moonfl

Venusb

Siriusc

ISSd

ISSe

Teff
[K]

5900
5900
5900

11000
5900
5900

R
[km]

149.597 • 106

384400
41.4- 106

—
800
800

Ds

[km]

1.392-106

3468
12104

—
0.1
0.1

M

4.8
-12.7
-4 .4

-1.44
+1.5
-2 .7

"Kpeak

[W/m 2m]

—
3.896 • 103

1.67
0.122
0.39

8.14 10- 3

Tse

[K]

5900
400
330

11000
—
—

A
—

—
0.072
0.76

—
—
—

Table 2.1: Parameters for the calculation of spectral irradiance for different celestial bodies.
Values taken from [62,64-67].

"full moon
bat brightest
brightest star
^minimum illumination
cmaximum illumination

2.5.2 Radiation from Earth

Downlink

An unavoidable source of background radiation in the downlink case is the spectral radiance
caused by the atmosphere. Measured spectral radiance as a function of the wavelength for
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Figure 2.14: Spectral irradiance !H(A) for different celestial bodies and the ISS.

clear sky is given in [53], Fig. 6-6. Since the Earth's atmosphere represents a source extending
over the whole hemisphere, Eq. (2.13) applies, independent of the telescope size. Correspond-
ing values of the power spectral density for certain wavelengths are presented in Fig. 2.15.
For sunlit clouds, the radiance has to be expected to be an order of magnitude higher than the
values presented. At the wavelength of 1 550 run, communication is practically impossible for
clouded skies because of intolerably high attenuation, anyway [49].

During nighttime, sky radiance from zenith caused by zodiacal light, galactic light, and
scattered starlight can be approximated by

2.9 • HT11 m5 K5

(2.25)

where Npeafc = 2.9W/m2msr and Teff = 6170K were obtained from [53], Fig. 6-7. The re-
sulting power spectral density is given in Fig. 2.15, representing the ultimate lower limit of
background radiation.

Uplink

Since the orbit of the ISS is low and the telescope will always be pointed more or less in nadir
direction (i.e. downwards), the only source of background radiation is the earth. It's power
spectral density again results from Eq. (2.25). The parameters ySpeak = 4.52 • 107 W/m2msr
and Teff — 5 400 K were extracted from [53], Fig. 6-11. The power spectral density as a function
of the wavelength is included in Fig. 2.15 ("Earth").



28 CHAPTER 2. Link Properties

10

10

,-18

20

-22
10

Ï 1 0 " 2 4

I io-26

io"
28

10
-30

10
-32

10
-34

/
(

- l/ff/

—

***

•—•

0 sky (day)

C

— -

•—i»

— —

,

-S

• — - •

1

—

rius
.

^ ^

Vei

-^ •
• ^
• i l . . - . 1

— ^ ^

IS!

sky

; h
nus
\>

\ A
V s

Far

'min;

_s
Io

\
*«•

or

U

*<*

•s

ISSd

^)

r

UK

0.1 1 1.55 10

Figure 2.15: Power spectral density Nback for different celestial bodies, the sky during day and
night, and the ISS received by a diffraction limited telescope.

It is interesting that the two major background radiation sources, the ISS and the Earth for
downlink and uplink, respectively are of the same order of magnitude. In Tab. 2.2, the values
of the power spectral density for A = 1 550 nm are given explicitly. The presented numbers
however, apply only for diffraction limited FOV.

Sun
Sirius
ISS (max)
Earth
Moon
Venus
sky (day)
ISS (min)
sky (night)

Nback 1

4.1-
1.2-
3.5-
8.3-
8.6-
3.5-
1.5-
7.3-
3.6-

W/Hz]
JQ-2U

lu" 2 3

lu" 2 5

lu" 2 6

lu" 2 6

lu" 2 6

lu" 2 6

I O - 2 7

IQ"33

Table 2.2: Calculated values of the power spectral density for Ä — 1 550 nm.



Chapter 3

Pointing, Acquisition & Tracking

Probably one of the most demanding parts of an optical free space laser communication sys-
tem is the pointing, acquisition and tracking (PAT) subsystem. Of these three, acquisition is
generally considered to be the most difficult [68,69]. Figure 3.1 gives a schematic overview
of a typical opto-mechanical system needed for PAT.

telescope &
coarse pointing

unit

telescope

beacon
laser

fine & fast '
steering
mirror

point ahead
mechanism

transmitter

control
unit

receiver

Figure 3.1: Example for a opto-mechanical system possibly implemented in a free space laser
communication terminal [12].

29
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3.1 Pointing

To precisely point its transmit beam, each terminal needs knowledge of the exact position
of its counterpart. A rough estimate of this information will be calculated from the orbit
parameters of the satellite. The terminal points towards the assumed position of its partner
either by employing a pointing unit moving the whole telescope with a two-axis gimbal or
applying a coarse pointing mirror (as indicated in Fig. 3.1). Then a beacon is activated by one
or both of the terminals, providing the direction to point to before the communication signal
is active. Tracking the beacon or the communication laser allows the fast steering mirror to
follow the exact position of the other terminal.

To compensate for the pointing error caused by the finite speed of light and the relative
velocity of the two terminals, a point-ahead angle is applied to direct the transmit beam where
the partner terminal will be after the transit time (cf. Sect. 3.4). An equivalent method is to
use a look-behind-off-set at the receiver [12].

3.2 Acquisition

The problem of acquisition is that usually the diameter of the beacon laser beam at the receiv-
ing terminal is much smaller than the uncertainty area of coarse pointing. This uncertainty is
caused by several effects, e.g. atmospheric disturbances, attitude control errors, mechanical
resonances from servos, momentum wheel movements, control jet firing, etc.

The two general approaches for acquisition are serial and parallel. For serial acquisition a
narrow beam is used to scan the uncertainty area, while the receiver also scans the uncertainty
region with a narrow field-of-view (FOV). For parallel acquisition, the whole uncertainty area
is illuminated at once while the receiver checks the position of the transmitter with several
detector elements [12]. While the serial procedure is time-consuming the parallel strategy re-
quires high power at the transmitter and high complexity at the receiver. Acquisition should
not take more than a few seconds [12] and should not ask for extensive extra hardware. There
are acquisition techniques that combine serial and parallel scanning.

As an example I will present the acquisition sequence between ARTEMIS (GÈO) and OGS
(ground) within the SILEX system (see Fig. 3.2). ARTEMIS emits a beacon which scans the
uncertainty region, providing sufficient optical energy at every possible location within the
region. The OGS provides a field of view wide enough to make sure that the satellite is within
it. When the scanning beacon reaches a position in which the power detected in the receiver's
sensor exceeds a certain value, the uplink beam is pointed in that direction. When the GEO
satellite detects the signal, it stops the scan and tries to lock its tracking loop on it. Once this
initial signal acquisition is successful, both terminals try to keep the incoming signals as close
as possible to the center of their respective tracking sensors (cf. following section) [70].

Generally, one or more separate lasers, operating at wavelengths differing from that of
the communication laser are used to generate the beacon. It is, however, also possible to use
the communication signal as beacon.

3.3 Tracking

Once the acquisition sequence is completed successfully, the terminal will make a transition
into coarse tracking and finally into fine tracking mode. Coarse tracking is performed by a
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GEO

beacon communication
beams

uncertainty
cone

OGS

(a) (b) (c)

Figure 3.2: Acquisition sequence of the SILEX system: scanning (a), acquisition (b), and com-
munication with tracking (c).

control loop (bandwidth ~10Hz) driving the coarse pointing mirror. The fine tracking loop
controlling the fine steering mirror (see Fig. 3.1)should have a bandwidth of ~ 1 kHz [12].
The tracking function measures the angular error between the direction of the incoming and
outgoing beams1. The difference is used as feedback for mirror pointing [71]. Mainly two
forms of angle error sensors are considered: CCD-arrays and quadrant photo diodes (QPD).
Sometimes CCDs are employed for coarse tracking and QPDs for fine tracking because the
former offer a wider FOV and the latter are more accurate [6]. The tracking error has high
impact on the link attenuation.

Depending on the scenario, the relative velocity of the terminals can reach high values.
One critical issue is the maximum angular speed the tracking subsystem is capable to follow.
This problem mainly concerns the coarse pointing mirror since the fast steering mirror only
compensates for minor pointing errors (e.g. vibrations of the platform). Following informa-
tion provided by Contmves Space, the maximum mutual angular speed of the terminals ranges
from 0.02°/s for a GEO-GEO link to 1.5°/s for a LEO-ground scenario [72].

3.4 Point ahead angle

When establishing a link between two distant, fast moving terminals, a certain offset between
the pointing direction for reception and transmission has to be maintained. This offset is
referred to as point ahead angle (PAA). The received signal in Terminal 1 at times tamp t will
come from where Terminal 2 was at timestamp t — AT, while the transmission beam has to be
pointed to where Terminal 2 will be at t + AT when AT is the time it takes the light to travel

1A - calculated - point ahead angle has to be considered in the tracking control unit (cf. Sect. 3.4).
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from Terminal 1 to Terminal 2. The resulting point ahead angle is

where L is the distance2 and v is the velocity component of the terminals perpendicular to
the line of sight between the two terminals (see Fig. 3.3).

terminal 1

terminal 2

Figure 3.3: Point ahead angle.

I now want to determine v for a space-to-ground link: When considering that both termi-
nals are in motion, the relative velocity is the difference of the velocity components perpen-
dicular to the line of sight between the two terminals

v — Vg — Vg. (3.2)

The velocity component of the space terminal perpendicular to the line of sight is

vs - ws(rE + h)cosY= ws(rE + h)Jl - ( f^cosgj , (3.3)

where y is defined in Fig. 2.1, e is the elevation angle, h is the altitude of the satellite, rE is
the radius of the Earth, and cus is the satellite's angular velocity 2n/Trev. For the ISS, the du-
ration of one revolution is Trev — 5 520 s. With simple trigonometric calculations, the ground
station's velocity perpendicular to the line of sight to the satellite reads

vg = WETE COS W COS £, sin e = WETE COS W COS ( <£,• cos f — — j 1 sin e, (3.4)

with the angular speed of a point on the surface of the Earth WE = 2TT/86 400 s, the stations
latitude W and the angle £, as defined in Eq. (A.2)3.

The PAA as a function of the elevation angle is presented in Fig. 3.4 for the link scenario
from ISS to OGS. In contrary to the link duration calculations, the influence of the ground
station's geographical position is low.

For space-to-ground links, where the divergence can be expected to be in the range of
10 ixrad (for A = 1550 run and Dj = 15 cm) and atmospheric turbulence has negligible in-
fluence (cf. Sect. 2.3), the point ahead angle is an important issue. For ground-to-space links
turbulence may widen the laser beam to an extent that the beam divergence is larger than the
PAA and a compensation becomes superfluous.

2To simplify matters, it is assumed that the variation of the distance and elevation angle during AT is negligi-
ble. Therefore Eq. (3.1) is only valid for small point ahead angles.

3The inclination angle of the ISS is </>,- = 51.6 deg
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Figure 3.4: Point ahead angle as a function of elevation for ISS to OGS link.

3.5 Pointing accuracy - choice of the telescope size

When designing an optical free space communication system, the size of the telescope for
both the ground and space terminal is one of the key parameters.

Considering the results presented in Fig. 2.9 or 2.10, a large telescope diameter seems
desirable. However, big telescopes are not only expensive to produce and launch, they addi-
tionally result in a small divergence angle of the emitted beam. This effect, though responsible
for the low link attenuation, leads to high demands on the pointing accuracy.

When assuming that the maximum affordable pointing error is, e.g., half the full diver-
gence angle dj = A/Dj the link attenuation is approximately increased by a factor of e2 corre-
sponding to some 8.7 dB, i.e. the pointing loss from Sect. 2.4 reads Lp — 1 — e~2 = 0.86. Fol-
lowing Eq. (2.7) the attenuation factor for diffraction limited performance due to this pointing
error calculates

(3.5)
\DRDTJ \DR J '

where L is the link distance, A is the laser wavelength, DR and Dj are receive and transmit
telescope diameters, respectively, and e is Euler's constant. In contrary to Eq. (2.7) all effects
but beam divergence and pointing error are neglected, namely TR = Tj = 1 and Aatm = 0.
The maximum pointing error, a, can then be expressed as

a = 6T/2 =
DR\fA~

2Le "
(3-6)



34 CHAPTER 3. Pointing, Acquisition & Tracking

Figure 3.5 illustrates the tradeoff between attenuation and maximum allowable pointing er-
ror, resulting in the choice of a telescope diameter suitable for the system requirements for
L = 400 km. The figure is to be used as follows (for the examples I use the scale correspond-
ing to a receive telescope diameter of DR = 10 cm): When, on one hand, the pointing accuracy
of the PAT system is not better than, e.g., 4 ̂ irad, it can be read off from the graph that the
transmit telescope diameter must not be larger than 20 cm, resulting in a link attenuation of
at least 38 dB. If, on the other hand, the maximum attenuation were, e.g., 35 dB (because of
limited transmit laser power or weak receiver sensitivity), the telescope has to be larger than
30 cm in diameter, asking for a pointing accuracy better than 2.5 /irad.

The system has to be designed in such a way that the maximum attenuation and the
affordable pointing error correspond to a point located in the safe-to-operate region of Fig. 3.5,
which is the shaded area below the solid line. When this is provided, the telescope diameter
can be chosen within a range according to the top horizontal and right vertical scale (e.g.
DR = 10cm, oc = 4 jirad, A = 49dB => 6cm < DT < 20cm).
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Figure 3.5: Tradeoff between maximum affordable attenuation and pointing error for dif-
ferent receive telescope diameters and a link distance of L = 400 km at a wavelength of
Ä = 1550 ran. The shaded area represents the safe-to-operate region, where a transmit tele-
scope diameter Dj can be found meeting both criteria.
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It is appropriate to use a large telescope at the ground station leaving the system designer
a free hand to choose the telescope for the space element as small as possible. In general,
the pointing accuracy can be made higher on ground. The fine pointing mirror of the OGS
has an accuracy of 0.05arcsec, corresponding to 0.24/irad [73]. The telescope diameter is
1 m. Even for a 10 cm telescope at the space terminal, the attenuation will be below 25 dB,
while a pointing error of some 8 ̂ rad can be afforded. Unfortunately, the most accurate
nadir pointing instrument onboard the ISS, the HEXAPOD, has a pointing error as large as
±90arcsec (±26.2 mrad) [1]. However, the planned Japanese LCDE terminal is designed to
have a pointing and tracking accuracy of better than 1 prad [6].

3.6 Adaptive optics

The effect of atmospheric turbulence mentioned in Sect. 2.3 results in wavefront distortions
of the optical beam. This leads to higher beam divergence and consequently to an increased
link attenuation (cf. Eqs. (2.7) and (2.9) in Sect. 2.4).

For astronomic applications, or single-mode fiber coupling where wavefront distortions
are especially harmful, this problem can be overcome by employing adaptive optics [74,75]. A
deformable mirror, placed between the telescope and the detector, is used to compensate for
these distortions. The mirror is usually deformed by piezoelectric actuators. Depending on
the size of the telescope and the desired accuracy, the number of actuators and the resulting
calculational effort can be considerable.

To compensate the wavefront distortion, it has to be measured first. This is done by de-
tecting the light of "guide stars", either natural or artificially generated by a laser beam. The
obtained data is fed into a control loop and the mirror is adapted in real time.

While adaptive optics is used in most of the large astronomic telescopes, I know of only
one example where it is considered to improve the link properties of an optical free-space
communication terminal. The ground segment of the Japanese LCDE terminal, a 1.5 m tele-
scope located in Tokyo, is planned to be equipped with a 13-element bimorph mirror [76].

Adaptive optics is very sophisticated and envisaging a setup as simple as possible, I will
surmise that the system under investigation is not equipped with this technology.
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Receiver Sensitivity

Following the assessment in Sect. 1.3, I am going to focus on optically preamplifted direct
detection receivers in combination with on-off-keying data modulation. The most important
issue for free-space applications is to optimally exploit the power provided by the receiver in
order to achieve a certain bit error probability (e.g. BEP = 10~9). The limited power available
aboard a space platform together with the high link attenuations ask for a high sensitivity of
the receiver.

The influence of several parameters on the receiver sensitivity are investigated in the fol-
lowing chapter. I will present a system model for an optically preamplified direct detection
receiver including detailed treatment of the noise statistics, corresponding simulation results,
and measurements verifying the theoretical and computational findings. The transmitter
setup is discussed elsewhere [77,78].

4.1 System setup

Besides the high achievable sensitivity, one of the major reasons to opt for an optically pream-
plified direct detection receiver is the possibility of employing components developed for
fiber communication systems. Consequently, all parts of the receiver are assumed to be
single-mode (SM) fiber-coupled.

The optical power collected by the receive telescope comprises the communication signal,
noise from the transmitter (usually mainly from the booster amplifier) and noise originating
from background radiation. After passing the optical free-space subsystem, schematically
shown in Fig. 3.1, the input signal is coupled into a SM fiber. Ideally, the SM fiber serves
as a spatial filter, reducing the incoherent noise while leaving the signal unaffected. The
theoretically achievable coupling efficiency is 78% [35]. The system discussed within this
chapter is represented by the box named "receiver" in Fig. 3.1.

Figure 4.1 shows the setup of an optically preamplified direct detection receiver. The fiber-
coupled input signal (optical power p(t)) is amplified by a low-noise, high gain fiber ampli-
fier (gain Gp, noise figure Fp). An optical bandpass (transfer function B(/)) is implemented to
suppress noise not within the signal bandwidth. A polarization filter may ba applied to ad-
ditionally reduce the incoherent noise by a factor of two while leaving the signal unaffected,
when the state of polarization (SOP) of the communication signal is well defined. If transmit-
ted and received signal are at different states of polarization, a polarization filter could also be
used to separate them. The optically amplified and filtered signal is then detected by a photo

37
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diode and electrically amplified. All information but the power as a function of the time is
lost. The opto-electrical conversion is represented by conversion gain C and noise equivalent
power NEP. A low pass filter (transfer function H(/)) additionally reduces excess-band noise
power. To obtain the binary data from the electrical signal, it is sampled and a gate decides
between "0" and " 1 " by applying a certain decision threshold. The bit error probability (BEP)
is then estimated with a bit error ratio tester by counting the false decisions during a certain
gating period.

optical
preampl.

pol.
filter

optical
bandpass

photo electrical electrical
diode preampl. lowpass

bit error
ratio tester

g(t)
oc-

OC/ ^

B(fl C,NEP H(fi
BEP

Figure 4.1: Setup of a preamplified direct detection receiver.

4.1.1 Optical input field

The optical input field, g(t), comprising signal, noise originating in the transmitter, and back-
ground noise is denoted by

g{t) = (q(t) + nASEib)/VÄ + nback - ein{t) n b a c k , (4.1)

where q(t) is the transmit signal, nAsE,b is m e amplified spontaneous emission from the trans-
mitter's booster amplifier, nback is the background noise, and A is the attenuation factor as
defined in Sect. 2.4, Eq. (2.6) and Eq. (2.7) for downlink and uplink, respectively. The commu-
nication signal at the receiver input, e,„ (t), will be referred to when determining the receiver's
sensitivity.

The input signal e,n(£) is normalized to let its squared magnitude yield the optical input
power (p(t) = \ein(t)\

2). The optical power waveform representing a single "l"-bit, p\{t) is
specified within the time interval [0, (1 + oc)Tp] as

(4.2)

(4.3)

, fe{[o,arp]v[rp,(i + a)

f e [<xTp, Tp] ,

where £1 denotes the optical energy for a "l"-bit, Tp is the effective pulse duration,

7 Pi(0dt F
— OO

max{pi(0} max{pi(t)} '

and the "roll-off" factor a specifies the pulse shape: Varying a from 1 to 0, the pulse changes
from cos2(£)-like to rectangular. Setting Tp = Tbjt (Tbjt being the bit duration) yields an iso-
lated non return-to-zero (NRZ) "l"-bit, while Tp = d • Tbit produces return-to-zero (RZ) with
duty cycle d. I would like to emphasize that E\ is independent of the chosen duty cycle. Due
to the normalization, the maximum of p\ (t) changes according to Tp.
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Examples of input signal eye diagrams for NRZ and RZ with different roll-off factors
are given in Fig. 4.2. For most of the simulations performed, I used the following pulse
parameters: NRZ: a = 0.4; RZ: d — 0.33, a = 1. The corresponding pulse shapes fit well to
the signal generated by the transmitter used for measurements [77,78].
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Figure 4.2: Input signal eye diagrams for NRZ and RZ (d = 0.33) with roll-off factors of 0.4
and 1.

The input signal p(t) is obtained by arranging pulses p\ (t) according to a pseudo random
bit sequence (PRBS) of length N = 2" - 1 in the following way (cf. Fig. 4.3 (a))

N - l

*=o
(4.4)

with fl^- the binary value of the k-th bit.
One of the key parameters deteriorating the system performance is the extinction ratio

of the input signal. Low extinction ratio can not be compensated for by any measure at the
receiver side.

Considering the different methods NRZ and RZ signalling may be generated in the trans-
mitter (cf. Chapt. 5 and [32,77]), I apply two distinct definitions for the extinction ratio C,
given in dB. For NRZ, it is the ratio of the maximum optical power for a "l"-bit to the min-
imum optical power for a "O"-bit, while for RZ, it is the ratio of the peak optical power for
a "l"-bit to the peak optical power for a "O"-bit. Figure 4.3 (a) and (b) shows NRZ and RZ
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pulse trains for infinite and finite extinction ratio. Depending on the transmitter setup, typical
values for the extinction ratio are 10 — 20 dB.
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Figure 4.3: NRZ and RZ input signal for an extinction ratio ofC, = oo (a), and C — 10 dB (b).

4.1.2 Optical preamplifier

The optical preamplifier amplifies the optical input field by y/Gp and introduces a circularly
symmetric Gaussian noise process called amplified spontaneous emission (ASE). For Gp 2> 1,
the power spectral density is [37]

= ~" (4.5)

per spatial and polarization mode, where hf represents the energy of a photon. The theoret-
ical minimum for the noise figure of optical amplifiers is 2 (3 dB). Fiber amplifiers especially
designed to be used as preamplifiers have noise figures as low as Fp = 3.3 dB [29]. Typical
values for the power amplification are Gp = 30 — 40 dB.

For a well designed receiver, i.e. where the thermal noise is small compared to the ASE-
induced beat noise terms (cf. Sect. 4.2), the actual value of Gp and any insertion loss of compo-
nents following the preamplifier have negligible influence on the receiver's sensitivity [79].
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4.1.3 Optical bandpass filter

After preamplification, the received signal is optically bandpass filtered to spectrally truncate
the optical noise. The bandpass filter is assumed to be either a Fabry-Pérot filter (FPF) or a
fiber Bragg grating (FBG) (in combination with a circulator to convert its bandstop character-
istic into a bandpass characteristic) and is represented by its complex baseband field transfer
function B(f) and its complex baseband impulse response b(t). I used the transfer functions

<4-6)

for the Fabry-Pérot filter (with Bo being the 3 dB-bandwidth of the filter), and

_ J -jicsin[ß(f)l]
tan[</] jß(f) cos[ß(f)l] - (2nf/vg) sin[0(/)Z] ' ( 4 7 )

for the fiber Bragg grating, [80,81] where ß(/) stands short for

(4.8)

and K is the grating's coupling coefficient. In my simulations, K was kept constant at a typical
value [80] of 6 cm"1, while the length of the grating, /, and the group velocity, vg, were appro-
priately set to achieve the desired Bo at a constant sidelobe suppression ratio of SLSR — 7 dB.
Figure 4.4 shows magnitude and phase of the filter transfer functions as a function of the
frequency normalized to the data rate R.

For a qualitative assessment of the effect of the optical bandpass on the ASE, the power
equivalent bandwidth

+ OO

Bo,n= I \B(f)\2df (4.9)

can be defined. Assuming the (data-) bandwidth to be equal to the filters Bo, the ratio B0/B0,n
is an indicator for the effectiveness of the filters noise suppression. For the FPF the ratio of
signal width to power equivalent width is 63.7% while it is 85.7% for a FBG. This explains
why Bragg gratings can lead to higher receiver sensitivities than Fabry-Pérot filters (see Sect.
4.4.3).

4.1.4 Photo diode module

The optically amplified and filtered signal is detected by a photo diode, electrically amplified
and low-pass filtered. The detector, amplifier and filter together (referred to as diode module)
are represented by two parameters: an overall transfer function, H(/), and the conversion
gain, C, comprising the detectors responsivity S, the gain of the electrical amplifier, and the
insertion loss of the filter. It has the dimension [A/W] or [V/W].

For the overall transfer characteristics of the receive electronics, two cases were consid-
ered: a 5th order Bessel and a 1st order RC low pass characteristic. Bessel filters are often used
because of their low overshoot and the widely linear group velocity (and therefore low pulse
broadening). The transfer functions of the filters are normalized to unit area of the impulse
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Figure 4.4: Squared magnitude and phase of the baseband field transfer function of a Fabry-
Pérot filter (a) and of a fiber Bragg filter (b) as a function of the frequency normalized to the
data rate R.

response1 h(t) o • H(f),

h(t)dt = H(0) = 1.

For the Bessel filter (BF), the transfer function is given by [83,84]

, ) = 945
BF{S) js5 + 15s4 - 105;s3 - 420s2 + 945;s + 945

with the normalized frequency

s = 2.52103-^-.

For the RC low-pass filter (LF) H(f) is given by

1
jnf/(2Be,ny

(4.10)

(4.11)

(4.12)

(4.13)

3" 3"
1The symbol o—• denotes the inverse Fourier transform, x(t) o—• X(jf) corresponds to x(t) =

^ 2 / '
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As in the case of the optical filter, the power equivalent width is defined as

oo

Be,n = J\H(f)\2df. (4.14)
o

Figure 4.5 shows magnitude and phase for both filter types.
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Figure 4.5: Magnitude and phase of Bessel filter of 5th order (a) and low pass filter of 1st order
(b) transfer function as a function of the frequency normalized to the data rate R. Note the
widely linear phase of the Bessel filter.

For the RC low pass the 3 dB bandwidth Be is related to Be,n by Be = 2Be/„/n while for the
Bessel filter the 3 dB bandwidth is Be = 0.96Be,„.

4.1.5 Analog-to-digital conversion

The analog electrical signal is finally converted into a bit stream afflicted by a bit error prob-
ability 0 < BEP0.5. The signal is sampled with a sampling rate R and a decision gate uses
a threshold to distinguish between "0" and " 1 " . With the signal's mean s(t), the sampling
instant TSr and the decision threshold S^, the k-th data bit reads

0 s(kTbit + Ts) < Sth,

1 s{kTbit + Ts) > Sth.
(4.15)
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One of the problems for the decision process is to provide a sampling rate being equal
to the data rate at the transmitter. A temporal drift between transmitter and receiver can
originate from one of the terminals (e.g. timing jitter of the pulse generator [77]), or from the
link conditions (e.g. Doppler shift due to relative velocity of terminals). In real systems, a
clock recovery has to be applied. Within the course of this work, I will assume the data clock
to be perfectly available at the receiver.

4.2 Noise model

For the simulations presented here, I applied a quasi-analytical method - signal and noise
are represented by their statistical properties, mean and variance. The bit error probability is
than estimated from these values. The mean of the electrical signal after the diode module,
specified in terms of voltage, is

s(t) = C ̂ | (y/G~pg(.t) + nASEiP) * b(t)Q * h(t) (4.16)

where g(t) is the optical input field as defined by Eq. (4.1), Gp is the preamplifier's gain,
nASE,p is the amplified spontaneous emission from the preamplifier, C the conversion gain
of the photo diode module (given in [V/W]), b(t) and h(t) are the impulse responses of the
optical and electrical filter, respectively, and the operator * the convolution, i.e.

(**y)(0= I x(T)y(t-T)dr. (4.17)
—oo

The operator (x) denotes the expected value of a stochastic process x,

oo

(x) = I Zpx(£,)dZ (4.18)

with px(t) being the probability density function of the process [85].
By applying Eq. (4.1), Eq. (4.16) expands to

| (4-19)

By exploiting the facts that the signal e,„ (t) is deterministic,

(\(ein*b)(t)\2) = \(e*b)(t)\2, (4.20)

and the expected value of the optically filtered ASE and background noise is time invariant,
and by taking into account the normalization of the diode module's impulse response, Eq.
(4.10), the signal at the decision gate reads

.G
s(t) = CGp\(ein * b)(t)\2 * h(t) + C^-PnASE,b + CGPnMck + CPnASE,P • (4.21)

A

In this equation, the average of the optically filtered transmitter booster's ASE, background
radiation, and the preamplifier's ASE are denoted by Pn,ASE,b = (\{nASE,b*b)(t)\2) = NASE,brb{Q)>
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te = (\(nback * b)(t)\2) = Nbackrb(O), and PnASE,P = (\{nASE,P * b)(t)\2) = NASE,prb(O). Here
Nx denotes the power spectral density of x2 and rb(0) is the value of the optical filter's auto-
correlation function

rb(t)= [°° b(r)b*(r-t)dr (4.22)

at t = 0. The preamplifier's noise and the noise terms from background and booster amplifier
can be combined to an overall noise power spectral density [86,87]

No = Gp — h Nback\ + NASE,P = -irGtequ (4.2o)

with the equivalent receiver noise figure,

7+F», (4.24)

where Fb and Gb denote the noise figure and gain of the booster amplifier at the transmitter.
Since in most systems the ASE from the preamplifier represents by far the dominating contri-
bution to the overall noise power spectral density, No will be referred to as "ASE" throughout
the argumentations in this chapter.

The definition of the overall noise power spectral density given in Eq. (4.23), the electrical
signal's mean is calculated to be

s(f) = CGp\{ein*b)(t)\2*h(t)+CN0rb(0). (4.25)

In the following, I will shortly compare two methods of calculating the variance of the
electrical signal as(t) — (s2(t)) — (s(t))2: the advanced Gaussian model, where the exact vari-
ance is calculated, taking the actual filter transfer functions into account, and the standard
noise model [79], assuming rectangular optical and electrical filter characteristics. While the
latter is widely used throughout literature, the advanced model is computational more elab-
orate but leads to results better matching the experimental findings (cf. Sect. 4.5). For both
methods, Gaussian noise statistics is assumed. A thorough comparison between the mod-
els has been performed in my diploma thesis [83]. It may be stated here that the standard
noise model generally overestimates the variance and leads to sensitivity penalty predictions
worse than confirmed through measurements (cf. Sect. 4.5 and [39,88]).

Three effects contribute to the electrical signal's variance: shot noise according to signal
and ASE, beat noise terms between signal and ASE and ASE with itself, and thermal noise of
the receiver electronics

Independent of the model applied, electronic noise is defined by the diode module's noise
equivalent power (NEP), usually given in [W/\/Hz] [47], the corresponding variance is given
by [32]

a2
ec = C2-NEP2-Be,n. (4.27)

2The power spectral density of the background radiation Nback is defined by Eq. (2.19), the ASE power spectral
density for both transmitter and receiver amplifier is given by Eq. (4.5).
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4.2.1 Advanced Gaussian model

For the advanced Gaussian model, the derivation of the individual contributions to the vari-
ance of the electrical signal at the decision gate are presented elsewhere [77,87,89]. Here I
will cite only the results. The shot noise according to signal and ASE result to be

<4>f,s = SR2Gpq(\(ein * b)(t)\2 * h\t)), (4.28)

and

<rlot,ASE = 2SR2
TMpolqPnASEBe,n , (4.29)

respectively. Here, q denotes the elementary charge of an electron, 1.602 • 10~19 As, S =
r\ql (hf) [A/W] is the photo diode's responsivity, Rj is the resistance that converts the current-
output of the photo diode into a voltage, and Pn,ASE — ^orb(^) is t n e overall noise average.
The number of ASE-modes reaching the detector is denoted Mpo/. In a single-mode system
there is only one spatial mode, resulting in Mp0; = 2, taking two polarization modes into
account. If a polarization filter is implemented (see Fig. 4.1), Mpo; is one. The variance origi-
nating from beating between signal and ASE is

oo

) = 2C2N0Re{ jj ef(r)ej(f)rb(r - f)h(t - r)h(t - f)drdf}, (4.30)

where ef(t) — \/G(e,„ * b) (t) is the optically amplified and filtered field, while beating of ASE
with itself results in

oo

O-ASE-ASE = MpolC
2N2 I |rb(T)|2r,(r)dr. (4.31)

—oo

Here, r^{t) is the electrical filter's autocorrelation function corresponding to the definition of
Eq. (4.22).

4.2.2 Standard model

The noise contributions corresponding to Eq. (4.26) are as follows [79,90]: The shot noise
according to signal and ASE read

ajhots = 2qSR2
Tp(t)Be,n , (4.32)

and
°Lt,ASE = 2Mp0lqN0BoSR2

TBe,n , (4.33)

respectively. The variance originating from beating between signal and ASE is

<rlASE(t) = 4CN0s(t)Be,n , (4.34)

while beating of ASE with itself results in

°ASE-ASE = MpolC
2N2Be,n(2Bo - Be,n). (4.35)
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4.3 Calculating the receiver sensitivity

With the expressions for signal and noise denoted in the previous section available, the BEP
at a sampling time Ts and for a decision threshold S^ calculates [31]

(4.36)

where the indices fco a n d k\ are used to distinguish between the 2""1 — 1 "0"-bits and the 2""1

"l"-bits of the PN sequence and

erfc(x) = - = / exp(-£2)d£ (4.37)
\/7r 7x

is the complementary error function. To take ISI into consideration with sufficient accuracy,
it is necessary that the length of the bit sequence is at least 27"1 [91].

Finally, the receiver sensitivity ns is calculated, defined as the required average number of
photons per bit at the optical amplifier input to achieve BEP = 10~9; unless stated otherwise,
the results presented in this work are given in terms of a sensitivity penalty yq relative to the
quantum limit nq,

y, = 101og(ns/n,)[dB], (4.38)

where nq evaluates to 43.6 photons/bit using the Gaussian approximation with optimized
decision threshold for Mpol = 2 [31]. The corresponding theoretically optimum optically
preamplified receiver structure consists of a matched optical filter and no post-detection elec-
trical filtering.

Note that different results for yq as a function of the receiver bandwidths may be obtained
if the receiver sensitivity is defined via other BEP values, since these require other input
power levels (see Fig. 4.6). For the breadboard described in the following chapter, a BEP of
10~6 was aimed at, while for some telecom applications the standard is BEP = 10~12 or even
better.

4.4 Simulation results

4.4.1 Decision threshold and sampling instant

The BEP after the decision process is a function of the sampling instant Ts and the decision
threshold Sth (cf. Eq. (4.36)). Figure 4.7 shows an example of such a dependency for NRZ
and RZ coded input signals [83]. There is a distinct minimum for the BEP, showing a mutual
dependence on both parameters. The BEP as a function of the decision threshold exhibits the
expected "V" shape3, the minimum according to the sampling instant is comparatively flat.
For RZ signals, the optimum decision threshold is very low with an extremely steep gradient
towards lower threshold values. This is an indication that little ISI is present and the noise of
the "l"-bits dominates the "O"-bit noise for this format. I will investigate this in the following
chapter.

3It has been shown that the actual value of the optimum decision threshold differs significantly from the
predictions resulting from the applied calculation method [92-96], the interpretations given here are just of qual-
itative nature.
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Figure 4.6: Quantum limit tiq in photons per bit as a function of the desired bit error prob-
ability for one and two polarizational modes (Mpoi = 1, and Mpo/ = 2, respectively). The
results obtained for the exact threshold and the approximated threshold for Gaussian noise
are represented by the solid and dashed lines, respectively [31,92], while the dashed-dotted
lines show the results obtained when considering the photocurrent's exact probability den-
sity function (PDF) [93].

The contour plots below the surface in Fig. 4.7 give lines for constant BEP values differing
by two orders of magnitude. These lines may also be interpreted as "error rate pattern" [97], a
generalized form of the eye diagram. It gives the tolerance concerning Ts or Sf/, when aiming
at a certain BEP.

The sensitivity penalty to be expected when applying suboptimum sampling instant or
decision threshold can be read off from Fig. 4.8 for NRZ and RZ signalling. The reason for
the optimum sampling instant being so "late" compared to the input signal (the maximum
of the input signal is at T/T^t — 0.5, cf. Fig. 4.2, where the optimum sampling instant is at
about T/Tbit — 1.25) is the time delay introduced by the optical and (mainly) the electrical
filter. The sampling instant therefore strongly depends on the filter bandwidth.

For both the simulation and the measurement presented within this work, sampling in-
stant and decision threshold were optimized to reach minimum BEP for every single receiver
configuration and according to the actual input power. The optimum decision threshold is
a function of the input power because of the balance between beat noise terms due to signal
and ASE and ASE with itself. Higher input power levels will lead to higher signal-dependent
noise, i.e. <rs

2.ASE, and therefore to higher optimum values for the threshold.
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0.5 0

Figure 4.7: BEP as a function of sampling instant and decision threshold for NRZ and RZ
input signals. The bandwidth of the optical and electrical filter is Bo = 2.5R and Be>n = 0.8R
with a Bragg filter and Bessel filter, respectively.

4.4.2 Filter bandwidth optimization

In this section, I will present simulation results concerning the different effects leading to
tradeoffs between narrowband and broadband optical and electrical filters and the mutual
influence of these two parameters. The considerations result in an optimum choice of optical
and electrical filter bandwidth [88,98,99].

The input signal is a PRBS with the length of 27 - 1 at a data rate of R = 10Gb/s. For
the time being, the input signal is assumed to be noise-free (no background radiation and
no transmitter noise), and the pulses are ideal NRZ or RZ pulses with infinite extinction
ratio as shown in Fig. 4.3 (a). The preamplifier's gain is 38 dB, its noise figure is 3.3dB.
The insertion loss of the optical filter (FBG) is 5 dB, resulting in an overall optical gain of
33 dB. I used a Bessel characteristic for the electrical filter. The broadband pin photodiode is
followed by a broadband electrical preamplifier (both assumed to have infinite bandwidth)
in order to yield an overall conversion gain of 1350 V/W as well as a noise equivalent power
of NEP = 2.96 • 10"11 W/v/Hz. Table 4.1 lists the simulation parameters used to obtain the
presented results.

The main objective of the optical filter is to reduce the amount of out-of-band ASE reach-
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Figure 4.8: Sensitivity penalty in dB relative to the value for optimum Ts and Sth as a function
of sampling instant and decision threshold for NRZ and RZ signals. Penalties larger than
30 dB are not shown. The parameters are equal to those used for Fig. 4.7.
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Symbol and Value
R = 10Gb/s
N = 2 7 - l

A = 1550nm
C = oo

Mpo, = 2
Nback = 0VJ/Hz

Gp = 38 dB
Fp = 3.3 dB
IL = 5dB

SLSR = 11 dB
|K| = 3 cm"1

C = 1350V/W
NEP = 2.96 • 10" n W / v ^

Description
data rate
length of the PRBS
wavelength
extinction ratio
number of polarization modes
spectral density of the background radiation
gain of the preamplifier EDFA
noise figure of the preamplifier EDFA
insertion loss of optical filter
side lobe suppression ratio (for fiber Bragg grating)
coupling coefficient (for fiber Bragg grating)
conversion gain of the diode module
noise equivalent power of diode module

Table 4.1: Parameters used for simulations.

ing the detector, which in turn lowers the ASE-ASE beat noise4. Until recently optical band-

4To a good approximation [79], the ASE-ASE beat noise is linearly proportional to the optical bandwidth, while
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Figure 4.9: Sensitivity penalty vs. optical filter bandwidth for NRZ and RZ (d = 0.33) coded
signals. Solid lines represent results for a PRBS, while dashed lines stand for the single-pulse
case. The electrical bandwidth is kept constant at Be — 0.77R.

pass filters were chosen as narrow as possible. However, the increase of data rates to ranges
beyond 10 Gb/s combined with the availability of optical filters with bandwidths on the or-
der of 10 GHz has led to technically realizable situations in which narrowband optical filters
start to deteriorate receiver performance. For RZ, optical filters with bandwidths too small
mainly reduce the signal energy, while for NRZ they significantly increase intersymbol inter-
ference (ISI).

Figure 4.9 illustrates the trade-offs to be made when optimizing the optical filter band-
width: The receiver sensitivity penalty yq is given as a function of the optical bandwidth Bo

for both NRZ-coding and RZ-coding with 33% duty cycle (d = 0.33). The electrical filter
bandwidth is kept constant at Be = 0.77R. The dashed curves apply to the ISI-free single-
pulse case, which is obtained by sampling only a single, isolated "l"-bit and a single, isolated
"0"-bit. Decreasing the optical bandwidth from 10R initially improves receiver sensitivity,
both for RZ and NRZ, due to reduced ASE-ASE beat noise. If chosen below 2.7R for RZ (be-
low IK for NRZ), the penalty increases significantly. For the single-pulse case, this increase
can be attributed solely to energy truncation brought by the optical filter [86,98]. To quan-
titatively assess the influence of ISI on system performance, I now compare the single-pulse
case to the results for a PRBS (solid lines in Fig. 4.9). For high optical bandwidths, the ISI-free
curves very close to the curves resulting for the PRBS, indicating the absence of ISI. Mov-

the signal-ASE beat noise is independent of the optical bandwidth (cf. former section).
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ing towards smaller bandwidths, the NRZ curves start to separate at a bandwidth of about
Bo — 3R. This is where the deteriorating effect of ISI sets in. For NRZ, the optimum optical
bandwidth in the presence of ISI (Bo = 1.3R) is higher than for the ISI-free case (Bo = 1R),
which shows that a trade-off between ISI for too high Bo and ASE-ASE beat noise for too low
Bo has to be made for NRZ. For RZ-coding, on the other hand, there is almost no difference
between the results for the PRBS and the single-pulse case for Bo > 1.5R, leading to the con-
clusion that ISI plays a minor role in optimizing the optical bandwidth for RZ. In this case, it
is rather the energy reduction accompanying too narrow optical filtering that has to be com-
promised with noise; RZ pulses with a duty cycle of 33% roughly correspond to a spectral
width of 3R, which is close to the optimum optical bandwidth of Bo = 2.7R (for both PRBS
and single pulse case).

The trade-offs to be made when optimizing the electrical filter bandwidth, can be under-
stood when observing the dependence of the sensitivity penalty yq on Be for constant optical
bandwidth (Bo = 2R), as shown in Fig. 4.10. Again, the dashed curves apply for the single-
pulse case, while the solid lines take into account ISI. The difference between the ISI-free
case and the PRBS case for NRZ at high Be reflects the ISI brought by the optical filter (for
Be = Q.77R, the difference can also be read off from Fig. 4.9, at Bo = 2R). In the case of
NRZ, decreasing Be from 2R improves the sensitivity due to reduced detection noise, until at
Be — 0.65R the sensitivity starts to degrade because of ISI, marked by the beginning separa-
tion of the dashed and solid NRZ-curves at Be = 0.8R. At Be = 0.3R, the ISI-free curve also
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Figure 4.11: Receiver sensitivity penalty yq relative to the quantum limit as a function of
optical and electrical bandwidth, Bo and Be for NRZ-coding. The contour lines are separated
by 0.5 dB.

starts to degrade, which can be attributed to the signal-independent noise terms (ASE-ASE
beat noise and thermal noise) overtaking the signal-dependent noise term (signal-ASE beat
noise) [91]. For RZ, ISI is seen to set in only at Be = 0.5R, which is significantly lower than
the optimum value (Be = 1.5R). Thus, as in the case of the optical bandwidth, the receiver
sensitivity for NRZ coding is limited by ISI, while for RZ, the optimum receiver performance
is found by trading detection noise against pulse energy reduction due to too narrowband
electrical filtering.

I can thus identify ISI being the main reason, why RZ outperforms NRZ by 1 — 2 dB at
optimized bandwidths; for the ISI-free case, the optimum NRZ performance is much closer
to that of RZ. This finding is specific to receivers limited by signal-dependent noise, and
contrasts the behavior of receivers limited by signal-independent noise, since the latter show
significant improvement due to employment of RZ coding ("RZ gain") even for the ISI-free
case [90].

To identify the optimum bandwidth constellation, the mutual dependence of the receiver
sensitivity on optical and electrical filter bandwidth is investigated. Figures 4.11 and 4.12 dis-
play the sensitivity penalty yq vs. both Bo and Be for NRZ and RZ, respectively. The contour
lines (lines of constant yq) are separated by 0.5 dB in both plots. The plots not only reveal the
optimum bandwidths, they also provide an overview of system tolerances regarding band-
width variations, which are considerably different for NRZ and RZ: In general, RZ is much
more tolerant to suboptimum receiver bandwidths than NRZ. Further, both for RZ and NRZ,
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Figure 4.12: The same as Fig. 4.11 but for RZ coding.

choosing bandwidths larger than the optimum has less consequences on system performance
than excessive narrowband filtering [39,89,94,98,100,101]. For NRZ coding, Fig. 4.11 shows
that the choice of the electrical bandwidth Be becomes more critical if broadband, subopti-
mum optical filters are used. In this case, the optical filter is of little influence, regarding both
signal distortion (ISI) and ASE noise reduction. Under these circumstances, Be is the only
parameter to affect ISI and, consequently, has to be chosen carefully. Using an electrical filter
of about Be = 0.6R, the influence of Bo on receiver performance is rather weak.

Over a wide range of electrical bandwidths (from 0.5R to 2R) the optimum optical band-
width is quite independent of the actual Be employed. The optimum electrical bandwidth is
0.6K for optical filter bandwidths larger than 3R. However, to maximize system performance,
the electrical bandwidth has to be significantly increased to Be = 0.9 as Bo approaches its op-
timum. This owes to the fact that detection noise due to ASE is already reduced to a large
extent by optical filtering. Since the beating of signal-ASE and ASE-ASE are by far the dom-
inating noise sources, any further reduction of noise power by means of electrical filtering
is of little effect on performance. Reducing Be will rather introduce unwanted degradations
due to ISI. Thus, the electrical bandwidth primarily has to be chosen to avoid ISI (and not
for noise reduction). As a consequence, the influence of Be is less pronounced with optimum
optical filtering, provided that Be lies within a range of about 0.8.R up to 2R. To put it into
other words, filtering in the optical domain is more effective than filtering in the electrical
domain, as this reduces ASE bandwidth and ASE power, whereas electrical filtering only acts
on the receiver noise bandwidth [89].
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4.4.3 Influence of filter characteristics

After having shed some light on the effects leading to optimum filter bandwidths, I now
will investigate the influence of the filter characteristics of both optical and electrical filter
on the receiver performance. In Figs. 4.13 and 4.14 the sensitivity penalty is displayed as a
function of optical and electrical filter bandwidth for different combinations of filter charac-
teristics (FBG and FPF optical filter and BF and LF electrical filter) for NRZ and RZ coding,
respectively.

When comparing the cases for different optical filters, the receivers employing FBG filters
appear to be more sensitive towards suboptimum bandwidth choice than those with FPF
filters, independent of the electrical filter type and the coding scheme. This can be attributed
to the fact that the FBG's transfer function has steeper edges and is therefore spectrally more
efficient (cf. Sect. 4.1.3): Too narrowband or too broadband filtering with the FBG results in
higher signal energy reduction or increased ASE collection, respectively. Additionally, there
is a slight sensitivity improvement compared to FPF optical filtering because the transfer
function of the FBG better matches the signal's spectrum. These statements are confirmed
by the numerical results of optimum sensitivity penalty, corresponding optical and electrical
filter bandwidths and the bandwidth tolerances presented in Tabs. 4.2 and 4.3.

The performance for the two electrical filter characteristics is nearly equal. The main
difference is that for the LF, the sensitivity penalty for small bandwidths is more moderate
than for the BF. This is a consequence of the LF's power equivalent width being higher for
equal 3 dB bandwidth (cf. Sect. 4.1.4). When employing a diode module with suboptimum
bandwidth it is better to choose a LF characteristic than BF characteristic. The BF on the other
hand leads to slightly higher sensitivity values.

I would like to add some remarks on the bandwidth tolerances as given in the Tabs. 4.2
and 4.3. In some cases the tolerance for the optical or electrical bandwidth can take on ex-
tremely high values (e.g. AB0 = 13.7/R for the FPE/BF/RZ scenario or ABe = 7.2/R for
FBG/BF/NRZ). In these cases, the receiver sensitivity is nearly independent of the choice of
this filters bandwidth provided that it is higher than a certain value and that the bandwidth
of the other filter is chosen accordingly.

Observing the shape of the sensitivity isolines in Figs. 4.13 and 4.14 a general design
guideline can be established, as already stated in the previous chapter: Independent of the
pulse shape and filter combination, there can always be chosen an optical filter bandwidth,
for which - even if suboptimum - the receiver performance is nearly independent of the elec-
trical filter bandwidth (as long as it is higher than a minimum value). Keeping in mind that
one has practically free hand for the optical bandwidth (at least in a single-channel system) it
is advisory to adjust this parameter according to the electrical bandwidth of the receiver.

However, too narrow optical filters may impose problems when the exact wavelength of
the transmit laser is not known or exerts fluctuations. At 10Gb/s, A/ = 1.2R corresponds
to A/\ = 100 pm. The accuracy of the matching between laser frequency and filter transfer
function has to be higher by an order of magnitude to avoid deteriorating effects (cf. Sect. 5.2).
Frequency fluctuations e.g. due to Doppler shifts as a consequence of the relative velocity of
transmitter and receiver terminals can amount to several gigahertz [102].
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Figure 4.13: Sensitivity penalty vs. optical and electrical bandwidth for different combina-
tions of filter characteristics for NRZ coding (FBG... fiber Bragg grating, FPF... Fabry-Pérot
filter, BF ...5th order Bessel filter, LF... low-pass filter).
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Table 4.2: Minimum sensitivity penalty with corresponding optimum optical and electrical
filter bandwidths and the bandwidth tolerances, where AB0 and ABe stand for the range the
optical and electrical bandwidth may be varied accepting a sensitivity penalty of less than
ldB.
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Table 4.3: As Tab. 4.2, but for RZ coding.
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4.4.4 Polarization filter

Implementing a polarization filter in the receiver following the optical bandpass filter will
increase the receiver sensitivity. The effect of the polarization filter is to reduce the ASE-ASE
beat noise by a factor of two. However, in a well-designed receiver, the ASE-ASE beat noise
is by a factor of 20 smaller than the signal-ASE beat noise. The possible sensitivity gain,
therefore, is lower than 0.5 dB.

When a polarization filter is used, the SOP of the transmit and the receive signal have
to be set and controlled. For this purpose all fibers should be biréfringent. The additional
hardware effort is not worth while the gained system performance.

If a two-way link is established, it is imperative to use as much hardware as possible for
both transmission and reception to save on weight. Isolation between transmit and receive
signal can be provided by using different SOP. If the system is designed such, a polarization
filter is mandatory anyway.

4.4.5 Influence of transmitter properties

To this point, ideal input pulses were assumed, noise free and with infinite extinction ra-
tio. I will now investigate the influence of certain transmitter characteristics on the receiver
sensitivity. The extinction ratio will be excluded because in the next chapter measurements
and simulation results concerning suboptimum extinction ratio are presented; additionally, a
thorough treatment of this topic can be found in [78].

Duty cycle

In the previous sections, a duty cycle of d = 0.33 was used for all simulations involving RZ-
coding. Here, I investigate the influence of the RZ duty cycle on receiver sensitivity. This
duty cycle dependence of the RZ gain is particularly interesting for optically preamplified
receivers, where - in contrast to receivers limited by signal-independent noise - the RZ gain
tends to a finite limit as the receiver sensitivity approaches the quantum limit [90].

Figure 4.15 shows the receiver sensitivity penalty with respect to the quantum limit, yg, as
a function of the inverse duty cycle \/d for raised cosine RZ pulses, a fiber Bragg grating as
an optical filter, and a 5th-order Bessel electrical low-pass filter. The dashed curve represents
the results obtained when jointly optimizing optical and electrical filter bandwidths for each
duty cycle, while the solid curve applies for optimized optical bandwidth only, keeping the
electrical bandwidth constant at its optimum value for NRZ (d = 1), i.e. Be = IK. It can
be seen that by optimizing optical and electrical bandwidths for each input pulse duration,
the receiver sensitivity can be steadily increased when reducing the pulse duty cycle. The
receiver sensitivity then asymptotically approaches the quantum limit, however, with the se-
rious drawback of significantly increased demands on electrical receiver bandwidth for little
gain in receiver performance. It can be seen that choosing, for example, d = 0.1 increases
the performance by just 0.1 dB as compared to d — 0.3, and from the inset in Fig. 4.15 at the
same time requires an electrical bandwidth of about Be = 5K. This represents a very broad-
band receiver, especially at data rates exceeding 10Gb/s. Additionally, optimum sampling
of such short pulses is a formidable task and will place heavy demands with respect to al-
lowable timing jitter. On the other hand, if the electrical receiver bandwidth is kept fixed at
a technologically reasonable value (e.g. at the optimum bandwidth for NRZ reception), and
only Bo is optimized as d is decreased, best performance is achieved for duty cycles between
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Figure 4.15: Sensitivity penalty vs. 1/d the inverse of the RZ duty cycle. The dashed curve
represents the results for optimized optical and the electrical filter bandwidths, while the
solid curve applies for fixed electrical filter bandwidth, kept at Be — IR, the optimum value
for NRZ (d = 1). The inset shows the optimum optical and electrical bandwidths for the
different duty cycle values.

0.5 and 0.33 (solid line in Fig. 4.15). Adjusting the optical filter bandwidth Bo is no problem
in practice, since broad optical bandpass filters are easily available. Thus, a RZ duty cycle
around 33% is optimum from a receiver point of view. Luckily, this number coincides with
the duty cycle inherent to the most widely established RZ pulse source, a sinusoidally driven
Mach-Zehnder modulator [32].

Figure 4.16 shows the gain of RZ coding over NRZ as a function of optical and electrical
filter bandwidths. Note that the RZ gain is almost independent of the optical filter bandwidth
over a wide range of Bo. For optical bandwidths in excess of 2R the RZ gain increases both
for higher and lower electrical bandwidths than 0.6R (which is optimum for NRZ). This fact
illustrates the advantage of RZ especially at low electrical bandwidths, which are often a
limiting design parameter in high data rate systems.

Transmitter amplifier and background noise

For the results presented to this point, any external noise source was neglected. I now will
quantify the influence of background radiation, as introduced in Sect. 2.5, and of ASE pro-
duced by the power amplifier at the transmitter. These noise sources have the effect that the
equivalent noise figure of the system, as defined in Eq. (4.24), increases. In Fig. 4.17, the sen-
sitivity penalty as a function of the background spectral density for absent booster amplifier
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Figure 4.16: Contour plot of the sensitivity improvement due to RZ coding (RZgain) in dB as
a function of optical and electrical filter bandwidth for d = 0.33.

noise and of the gain of the booster amplifier for absent background radiation is shown. Re-
sults are presented for NRZ and RZ coding, however the qualitative behavior is equal for
both cases (i.e. the sensitivity difference is nearly independent of the background noise). I as-
sumed FBG and BF optical and electrical filtering, respectively. The noise figure of the booster
amplifier is Fj, = 5 dB.

No sensitivity penalty has to be expected for background radiation power spectral den-
sities below 10~20 W/Hz. If a diffraction limited telescope or single mode fiber coupling is
assumed, the sun, the strongest background noise source by several orders of magnitude,
results in a penalty of only 0.7 dB. This makes me draw the conclusion that the influence of
background radiation is negligible for optically preamplified direct detection receivers.

The lower horizontal axis represents the difference between the booster amplifier's gain
Gb and the link attenuation A. The two axes are connected via

Gb - A = 10\og(Nback2/hf) - Fb. (4.39)

For the presented results, the noise figure of the booster amplifier is assumed to be Fb = 5 dB.
It is obvious that in a well designed system the link attenuation has to be higher than the
transmitter booster gain by an order of magnitude unless severe sensitivity penalties will
arise. However, with a coarse link budget of the system (in logarithmic scale)

= PT-A = Pmod + Gb - A (4.40)
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Figure 4.17: Sensitivity penalty vs. background power spectral density (upper horizontal
axis) and difference between booster gain G& and link attenuation A (lower horizontal axis)
for NRZ (solid line) and RZ (dashed line) input signal. The background radiation from the
Sun and Sirius (corresponding to the upper horizontal axis) is indicated for comparison.

where the power of the modulated communication signal before the booster amplifier can
assumed to be in the range of Pmoct = 0 dBm, and a receiver with a sensitivity close to the
quantum limit (corresponding to about PR = —42 dBm at a data rate of 10Gb/s), the dif-
ference Gfc — A is some —42 dB. Even for less sensitive receivers or weaker communication
signals, the ASE produced by the booster amplifier will cause no deterioration of the system
performance.

Figure 4.17 illustrates how the receiver sensitivity to a good approximation solely depends
on the equivalent noise figure defined in Eq. (4.24): At Gj, — A = 0, the overall noise power
spectral density is5

No = NASE,P + NASE,bGp/A - ^ Fb), (4.41)

where the sum of preamplifier and booster noise figure amounts to 7.2 dB, 3.9 dB higher than
the noise figure of the preamplifier which is exactly the penalty shown in the figure at this
point.

5Absence background radiation Nback = 0 is assumed.
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4.5 Measurements

4.5.1 Experimental setup

To experimentally confirm the theoretical findings presented in this chapter, I set up a back-
to-back communications system consisting of a (N)RZ transmitter, a preamplified direct de-
tection receiver and a bit error ratio tester. The experiments were performed in close cooper-
ation with my two colleagues, Martin Strasser and Martin Pauer, who used the breadboard
to conduct separate experiments of which the results are laid down in their theses [77,78].

A schematic of the setup is depicted in Fig. 4.18. The purpose of the experiments was to
find the dependence of the receiver sensitivity on the optical and electrical filter bandwidth
and thus verify the calculations performed. Additionally, I tried to approach the quantum
limit as close as possible. The setup was very complex, regardless of a possible implementa-
tion in a space-based terminal6.

transmitter

data modulation
-

*
EAM

MZM
-O-

pulse
carver
MZM
—C^~ ri

A^T

NRZ data sinusoidal

optically preamplified DD receiver BERT

Bo photo diode Bessel LP
powermeter

Be

Figure 4.18: Experimental setup including (N)RZ transmitter, preamplih'ed direct detection
receiver, and bit error ratio tester (BERT).

Transmitter

A pseudo-random bit sequence (PRBS) of length7 27 — 1 at data rates of up to 10 Gb/s was
used to modulate the light from a distributed feedback laser (DFB) operating at a wavelength
of 1550 nm. To achieve high extinction ratio, the NRZ modulation was performed in two

6See the following chapter for experiments with a more realistic breadboard
7To keep simulation durations within reasonable limits, I restricted the length of the PRBS to 27 — 1. For the

experimental verification of our calculational results, I basically chose the same length for the measurements. A
PRBS with the increased length of 231 — 1 leads to penalties of less than 0.4 dB compared to the shorter one when
using the same experimental setup [99].
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steps, namely using an electroabsorption modulator (EAM) integrated with the DFB, in com-
bination with a dual-drive LiNbC>3 Mach-Zehnder modulator (MZM). For RZ coding, a third
MZM was employed for pulse carving. It was sinusoidally driven to produce RZ pulses with
33% duty cycle.

Receiver

To set the receiver input power for BEP measurements, a variable attenuator was inserted be-
tween the transmitter and receiver. The received input signal was amplified by an EDFA, pro-
viding high gain (38 dB) at a low noise figure (3.3 dB). To spectrally curtail the EDFA's ASE, an
optical bandpass was implemented. I employed Bragg filters of different bandwidths to opti-
mize system performance. A broadband (50 GHz) pin photodiode performed opto-electronic
conversion, followed by an electrical low-noise amplifier with a bandwidth of 18 GHz. A 5th

order Bessel low-pass together with the finite bandwidth of the bit error ratio test set (BERT)
determined the electrical bandwidth of the receiver. The bandwidth of the Bessel filter was
varied in order to achieve best receiver sensitivity. The overall conversion gain amounted to
1350 V/W.

The pattern generator and the BERT were driven by the same clock signal; sampling in-
stant and decision threshold were optimized for each measured data point.

4.5.2 Results

Using the experimental setup described, I measured the receiver sensitivity ns for various
combinations of optical and electrical filter bandwidths. The results are shown in Figs. 4.19
and 4.20, together with the corresponding simulations, expressed in terms of sensitivity penalty
relative to the quantum limit, jq, being 40.7 photons/bit8.

In Fig. 4.19,1 present the receiver sensitivity for NRZ and RZ coding as a function of the
optical filter bandwidth Bo at a data rate of R = 10Gb/s. The electrical bandwidth was kept
constant at Be = 0.6R for NRZ coding, and Be = 0.9R in case of RZ coding. These values
of Be correspond to an effective electrical bandwidth, since it turned out that the finite band-
width of the BERT input network could not be neglected. Relying on data provided by the
manufacturer of the BERT, the BERT is modeled as a 1st order low-pass with a cut off fre-
quency of fc = 13.5 GHz in the simulations. With this adjustment, the agreement between
measurement and simulation could be considerably improved. Note the excellent match
between experimental results (bullets, triangles) and simulation (lines). In particular, I exper-
imentally confirmed the fairly moderate sensitivity degradation for higher-than-optimum
optical bandwidths, and the severe penalties for too narrow filter choices. For RZ coding,
I achieved a sensitivity of 52 photons/bit (±2 photons/bit measurement uncertainty9, indi-
cated in the figure by the vertical lines at each measured point) at the optimum optical band-
width, but using a slightly suboptimum electrical filter. This is about 1.1 dB off the quantum
limit and represented, to my knowledge, the best reported receiver sensitivity at a data rate
of 10Gb/s [39,99].

8The value of 40.7 photons per bit corresponds to the "physical" quantum limit to which the measurements
refer, represented by the line named "exact PDF" in Fig. 4.6. The simulations are referred to the same quantum
limit here, whereas the value for the model applied is 43.6 photons per bit.

9The measurement uncertainty of the receiver input power is APr = ±0.18 dBm, as guaranteed by the
manufacturer of the power meter employed. Because of the relation xdB = 10 log *;,•„ and AxdB = Ax/,-n •
10/(x/,-„ In 10), the corresponding tolerance in photons per bit is Ans = APrns ln(10)/10 as can be easily derived.
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Figure 4.19: Measured (bullets, triangles) and simulated (curves) dependence of receiver
sensitivity for NRZ and RZ coding on optical (Bo) and electrical (Be) bandwidth. The re-
sults are plotted as a function of the optical bandwidth at a constant electrical bandwidth of
Be = 0.75R (NRZ) and Be = 0.9R (RZ). The intervals indicated by the vertical lines represent
the measurement uncertainty of ±0.18 dB.

In Fig. 4.20, the sensitivity versus (effective) electrical bandwidth Be at a constant optical
bandwidth of Bo = 2.86R for NRZ and Bo = 3.12R for RZ, respectively, is presented. Addi-
tionally, I show simulation results using advanced Gaussian noise statistics (thick lines) and
standard noise approximations (cf. Sect. 4.2) (thin lines). To get around the above mentioned
problems associated with the limited bandwidth of the BERT input network, the measure-
ments had to be taken at a reduced data rate of R — 3.5 Gb/s for NRZ, since the delicate
influence of ISI on NRZ performance can only be accurately accounted for in simulation if
the overall impulse response of the electronics is known sufficiently well. In contrast, the
prediction of RZ performance is far less influenced by slightly uncertain electrical filter char-
acteristics, since it is an energy truncation effect rather than ISI that limits its performance.
Note that while the simulations using advanced Gaussian noise statistics (thick lines) excel-
lently reproduce the measured results, the simulations using the frequently employed ap-
proximations for signal-ASE beat noise and ASE-ASE beat noise may be off by up to 3 dB,
especially at large bandwidths Be (thin lines).



4.5 Measurements 65

- 200

o NRZ measurement
NRZ simulation: advanced Gaussian
NRZ simulation: standard

A RZ measurement
RZ simulation: advanced Gaussian
RZ simulation: standard

R=10 Gbit/s
•—$•:- —

- 50

1.8

Figure 4.20: As Fig. 4.19, but here, the electrical bandwidth is varied at a constant optical
bandwidth ofB0 = 2.86R (NRZ) and Bo = 3.12R (RZ).



Chapter 5

Breadboarding a System Employing
Commercial Devices

Based on the findings of the previous sections, I designed and set up a breadboard to inves-
tigate the transmission aspects of free-space optical data links based on fiber-amplification
and direct detection. The breadboard consisted of a transmitter with 1 Watt optical output
power and of an optically pre-amplified receiver, both operating at a wavelength of 1 550 nm
and with a data rate of 10Gb/s. The main objective was to determine the receiver sensitivity
in a system where the key elements (DFB laser with integrated electro-absorption modula-
tor, booster and preamplifier EDFAs, optical filter, receiver front-end) are implemented with
commercially available devices, most of them developed for terrestrial fiber links.

The results presented are part of a project carried out for ESA. More detailed descriptions,
especially on the design of the breadboard and the employed devices can be found in [29]
and [103].

5.1 Breadboard Setup

According to the block diagram (Fig. 5.1) the breadboard is set up as follows:
A DFB laser (distributed feed back) with an integrated electro-absorption modulator (EAM)

served as transmitter source with on-off-keying capability. The electrical signal source was a
pattern generator, providing an NRZ-coded signal. For RZ coding the breadboard was modi-
fied (see Sect. 5.2.3). The modulated data signal was amplified by a polarization maintaining
booster EDFA to achieve an output power of 1W at the output of the transmitter. A polar-
ization controller was used to provide a linear state of polarization at the input of the booster
EDFA1.

Link attenuation due to space loss was simulated in the laboratory. I chose to use the nat-
ural beam divergence of the light radiated from the single-mode fiber output of the booster
EDFA in combination with a distant fiber input end for coarse and a variable pigtailed atten-
uator for fine attenuation adjustment.

The receiver input signal was monitored for average power. An EDFA was used to op-
tically preamplify the receiver input signal. The signal was then optically bandpass filtered.

1The polarization maintaining property of the booster amplifier was not exploited for this setup. By main-
taining a certain SOP of the transmit signal, one could enhance the system setup by applying a polarization filter
at the receiver and thus reducing the amount of noise. Isolation between transmit and receive signal could be
provided by employing different SOP (cf. Sect. 4.4.4).

67
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The optical-to-electrical conversion was done by a diode module consisting of a photodiode
and a transimpedance amplifier.

Transmitter Free-space attenuation

electrical signal
optical signal power

splitter

Figure 5.1: Block diagram of breadboard setup.

Transmitter

In optical sources modulated at 10Gb/s, sufficiently low chirp and small carrier linewidth
can today only be obtained by a combination of a continuously operating DFB laser and an
external modulator. Two types of modulators are commercially available: electro-absorption
modulators (EAM) using multiple quantum well structures with electrical-field-modified band
gaps and Mach-Zehnder devices based on LiNbC>3 or InGaAsP using the electro-optical ef-
fect. Although Mach-Zehnder modulators provide better extinction ratios and rise-times, I
chose an EAM for the breadboard. EAMs are available integrated with the DFB-lasers and
therefore represent a more compact realization. The DFB/EAM module implemented is a
product from ALCATEL, type A 1915LMM, providing some 3 dBm output power and requir-
ing 2 V modulation voltage.

A pattern generator from hp, type 70843A, provided an NRZ-coded signal at R = 10 Gb/s
with a modulation voltage of Um = 1.8 Vpp and an offset of Ub = -0.25 V. The booster EDFA
from JPG, type EAD-1-C-PM, has a maximum output power of 1W and a noise figure of
Fb = 5dB.
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Receiver

The optical preamplifier EDFA was from OPREL, type OFP 14W. This device has a small-
signal gain of Gp — 38 dB and a noise figure of Fp = 3.3 dB. This makes possible low noise
amplification of the received data signal.

After the EDFA the signal passes an optical band-pass filter to reduce the broadband am-
plified spontaneous emission (ASE) generated by the EDFA. The results of the previous chap-
ter show that there is an optimum bandwidth for this filter, depending not only on data rate
but also on signal shape and on electrical bandwidth of the diode module. To invert the band-
stop characteristic of the employed fiber Bragg gratings to the desired bandpass characteris-
tic, a circulator (New Focus, model CIR10CN32A-00) was used. Four different Bragg grat-
ings were implemented to experimentally verify the computational results: one from TECOS
(bandwidth2 FWHH = 0.08 run) and three from AOS (FWHH = 0.13 nm, FWHH = 0.25 nm,
and FWHH = 1 nm).

The most important parameters of the subsequent diode module are bandwidth, conver-
sion gain and noise. Most commercially available products with an integrated amplifier have
bandwidths in the range of the data rate. There are receivers with larger bandwidths, but
they provide low conversion gain. On the other hand our simulations show that electrical
bandwidths close to the data rate are optimum anyway. Both, the low cutoff frequency and
the high conversion gain, make any subsequent electrical devices like a low pass filter and an
RF output amplifier unnecessary. The lower cut-off frequency of the receiver should be much
smaller than the spectral width of the longest " 1 " or "0" to be expected. Assuming pseudo
random bit sequences with the length3 N — 27 — 1 this would be approximately 80 MHz.
Most of the commercially available modules meet this criterion. A diode module from LU-
CENT (2860-C) was implemented. The bandwidth of this device is 8 GHz, the electrical noise
at the output amounts to 1.8 • 10~8 V/\/Hz and the conversion gain is 3800V/W. An error
detector from hp (70843A) was used to measure the bit error probability of the received data.

Free-space loss simulation

In the breadboard, the space loss was simulated and implemented in the following way: The
booster amplifier's fiber output radiated into free space. After a distance of a few millime-
ters the diverging beam was partially coupled into the input fiber of variable attenuator (hp
8156A). A fiber directional coupler (from FOCI) with splitting ratio 10:90 allows to monitor
power, polarization, and wavelength. For the overall free-space attenuation I aimed at some
70 dB. Together with the booster's gain of about 30 dB, I arrive at Gb - A « -40 dB. When
observing Fig. 4.17, this lets me conclude that booster ASE has no influence on the bread-
board's performance.

2I will refer to optical bandwidths expressed in wavelength units with FWHH (full-width half height), but use
Bo in the frequency domain.

3See footnote Sect. 4.5.
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5.2 Receiver sensitivity measurements and simulations

To determine the highest possible receiver sensitivity with the setup described, I optimized
the following parameters:

• laser drive current Id,

• laser emission wavelength A,

• peak-to-peak modulation voltage Um,

• modulator bias voltage M\,,

• bandwidth of the optical bandpass filter, FWHH, Bo.

Sampling instant and decision threshold of the error detector had to be optimized for each
measurement separately. A pseudo random bit sequence with 27 — 1 bits was transmitted.

A bit error probability of BEP = 10~6 was aimed at. All results are given in terms of the
sensitivity penalty relative to the quantum limit obtained from the exact calculation ("exact
PDF" in Fig. 4.6), amounting to nq = 26.7 photons per bit

5.2.1 Simulation

Parallel to the measurements, I performed simulations for comparison with the results ob-
tained by the measurements. For this purpose, the simulation method presented in Chapt. 4
was applied with parameters adapted to the breadboard setup addressed in this chapter (cf.
Tab. 5.1).
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Symbol and Value
R = 10Gb/s
N = 27 - 1

A = 1549.16 nm
C = 10.81 dB

Mpol = 2
Nbttck = 0W/Hz

Gb = 30dB
Fb = 5dB

Gp = 38dB
Fp = 3.3 dB
FWHH, Bo

IL = 5dB
SLSR = 11 dB
|K| = 3 cm"1

C = 3800V/W
NEP = 4.74: • 10-12 W/^/Hz

Be = 8GHz

Description
data rate
length of the PRBS
wavelength
extinction ratio
number of polarization modes
spectral density of the background radiation
gain of the booster EDFA
noise figure of the booster EDFA
gain of the preamplifier EDFA
noise figure of the preamplifier EDFA
bandwidth
insertion loss at center wavelength (including circulator)
side lobe suppression ratio of the fiber Bragg grating
coupling coefficient of the fiber Bragg grating
conversion gain of the diode module
noise equivalent power of diode module
electrical bandwidth of the receiver module

Table 5.1: Parameters used for simulations.



5.2 Receiver sensitivity measurements and simulations 71

5.2.2 Measurements with NRZ-coded input signal

The receiver sensitivity penalty y for four different filters is shown in Fig. 5.2 as a function
of the laser center wavelength. For these results, the setting of the modulator bias and the
modulation voltage was such that the extinction ratio amounted to Ç = 10.8 dB.

8

7.5

7

6.5

6

' 5.5 - •

5

4.5

4 - •

3.5

•e- BO=IR
- g . Bo=1.624R
_H_ B°=3.119R
.A. B°=12.6R ^ !

: : '

• • ; • : • •

> \

;

I ( 1 W

• • : ; / • • : • -

1 ; : 1 ;

1549 1549.25 1549.5 1549.75 1550 1550.25 1550.5 1550.75 1551

X [ran]

Figure 5.2: Receiver sensitivity penalty yq for different optical bandpass filters vs. laser wave-
length at BEP = 10~6. The extinction ratio is C — 10.8 dB.

The receiver sensitivity as a function of the optical filter bandwidth can be extracted from
this figure. Figure 5.3 shows this dependence explicitly together with the corresponding sim-
ulation results. The four values for the different filters are presented together with the interval
of measurement uncertainty of 4 ±0.18 dB. The filter with Bo — 16.24 GHz appears to be the
best choice, the filter with Bo — 31.19 GHz leads to comparable performance. The broadest
filter is suboptimum because of the high amount of noise due to ASE passing to the diode
module. The consequence of a too small filter bandwidth is pulse distortion leading to ISI
and signal energy rejection, resulting in a clear sensitivity penalty.

Increasing the filter bandwidth from its optimum value results in less sensitivity degra-
dation than decreasing it by the same amount. Therefore, broader filters have to be preferred.

Taking into account the chosen scale of the ordinate, the simulation agrees well with the
measurement. The deviations are some 0.5 dB for broad filters, 0.1 dB for the optimum band-
width and about 1 dB for the narrowest filter.

Deviations for the two filters with the smaller bandwidths may be caused by subopti-
mum laser wavelength setting and filter modeling. Any asymmetry of the filters was not
simulated. Such an asymmetry leads to distortion with effects equal to that of intersymbol
interference, resulting in higher optimum bandwidth. Other reasons for the discrepancy may
be imperfect modeling of the electrical filter characteristics: Both the diode module and the

4For the ANRTTSU power meter used, this is the accuracy guaranteed by the manufacturer.
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Figure 5.3: NRZ coding: Receiver sensitivity penalty y for the four optical filters available at
BEP = 10~6. The intervals indicated by the vertical lines represent the measurement uncer-
tainty of ±0.18 dB. The extinction ratio is C = 10.8 dB.

bit error detector have been modeled as Bessel filters after measuring the magnitude of the
transmission functions. No information on the phase was available. Another reason for the
difference between measurements and simulation could be attributed to imperfect modeling
of the transmit signal's pulse shape.

To determine the influence of the extinction ratio of the transmit pulse, the modulation
voltage and the bias of the modulation voltage were varied and the bit error probability vs.
receiver input power was measured. Figure 5.4 shows the sensitivity as a function of the
extinction ratio Ç. The maximum extinction ratio I could achieve was C = 11.8 dB. This led to
a receiver sensitivity penalty relative to the quantum limit of yq — 3.2 dB.

In Fig. 5.4 I also included simulation results. Measurements and simulation were per-
formed for an optical bandwidth of Bo = 16 GHz, they differ by less than 0.5 dB. The devia-
tion of the measurement point for C = 11.8 dB may be caused by the noise of the oscilloscope
used for extinction ratio measurements, which introduces measurement inaccuracy especially
for high extinction ratios, where the zero-bit power is low. Another issue is the chirp (i.e. sig-
nal frequency fluctuations) introduced by the EAM which lead to performance degradation,
especially for the narrow optical filter employed here.
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Figure 5.4: Receiver sensitivity penalty y vs. extinction ratio Ç for the optical filter bandwidth
Bo = 16.24 GHz at BEP = 1(T6.

5.2.3 Measurements with RZ-coded input signal

To generate an RZ-coded transmit signal some modifications in the transmitter were neces-
sary (see Fig. 5.5). The EAM now serves as data modulator (cf. insets (a) and (b)), while a
Mach-Zehnder modulator (MZM) fed with a sinusoidal voltage of frequency equal to the
data rate acts as NRZ-RZ converter (inset (c)). The bias of the MZM was chosen such that
the resulting pulse form is a sine-square shaped RZ pulse with a duty cycle of about d = 0.5,
as shown in inset (d) of Fig. 5.5. The duty cycle is defined as the ratio of pulse duration
(full width half maximum) and bit duration T^t (cf. Sect. 4.1). A polarization control was
implemented to properly set the input SOP of the MZM.

For RZ-coded signals, the same measurements and simulations as for NRZ were per-
formed. Figure 5.6 presents the measurement and calculation results for the receiver sensitiv-
ity as a function of the optical filter bandwidth for RZ coding (the results for NRZ coding are
also displayed for comparison). In contrast to NRZ coding, the experimentally determined
optimum filter bandwidth is now Bo — 31 GHz. The corresponding sensitivity is some 1 dB
better than that for NRZ coding in case of equal extinction ratio of Ç — 10.8 dB but optimum
filter bandwidth.

For RZ coding the difference between the measurements and calculation is less than 0.5 dB
for large optical filter bandwidths. For narrow filters the differences are larger which may be
explained by imperfect pulse and filter modeling. In both the simulation and measurement,
RZ leads to better system performance.
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Figure 5.5: Block diagram of the breadboard transmitter for RZ modulation. The insets (a)
and (c) show the modulation voltages for the electro-absorption modulator (EAM) and the
Mach-Zehnder modulator, respectively, (b) gives the optical power after the EAM, while (d)
shows the RZ coded transmit signal. (Tj,,,... bit duration).

5.3 Discussion

5.3.1 Transmitter

Measurement and simulation results show that one of the most critical parameters for system
performance is the transmit pulse extinction ratio C (cf. Fig. 5.4). A pronounced sensitivity
degradation is to be expected when C becomes less than 10 dB. To avoid this, the modulation
voltage, the modulator bias, and the laser drive current have to be adjusted and controlled
precisely. With the DFB+EAM modules investigated here, the maximum extinction ratio ob-
tained was 11.8 dB. A better pulse shape of the electrical signal driving the modulator than
that generated by the available pattern generator may result in less signal distortion and a
higher extinction ratio. An additional modulator, driven with the data signal, may improve
the extinction ratio and thus lead to higher system sensitivity.
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Figure 5.6: NRZ and RZ coding: Calculated receiver sensitivity penalty relative to the quan-
tum limit, yq, vs. optical filter bandwidth Bo at BEP = 10~6. The circles and diamonds rep-
resent the measurement results obtained with the available optical filters for NRZ and RZ
coding, respectively.

Both measurements and simulation showed that laser emission wavelength deviations
of 20% of the bandwidth Bo of the optical filter result in a sensitivity penalty of 1 dB. For
the breadboard, a temperature stabilized laser diode mount from ILX Lightwave (type LDT
5412) was used to control the laser wavelength, providing sufficient wavelength stability.
The optimum optical filter bandwidth for the breadboarded system is in the range of 15 to
20 GHz.

Considering the link level budget assumed for the breadboard, the influence of the booster
EDFA's ASE is negligible. For small link distances (i.e. lower path attenuations) the booster
EDFA's noise may become the dominating parameter influencing the system performance (cf.
Sect. 4.4.5 and [86]).

Because of the high output power and the high power density at the output fiber of the
booster EDFA, precautions have to be undertaken to avoid the fiber facet getting contami-
nated, which could result in totally damaging the cleaved facet.

5.3.2 Receiver

In a well-designed setup the preamplifier EDFA causes the dominating noise in the receiver.
Therefore its noise figure should approach the theoretical limit of 3 dB as closely as possible.

The optical bandpass was a critical component in the receiver setup. Its temperature
dependent center wavelength and its bandwidth strongly influence the receiver sensitivity.
Considering the results presented in Fig. 5.2 as well as temperature drift of the filter center
wavelength and variations of the optical carrier frequency due to temperature changes and



76 CHAPTER 5. Breadboarding a System Employing Commercial Devices

possibly Doppler shift, it is recommended to use filters with higher than optimum band-
widths. Another, technically-demanding, approach to overcome these problems is to actively
control the center wavelength of the filter.

The insertion loss of the circulator/grating combination plays a minor role because it
attenuates the optical signal in the same way as the optical noise, and because the electrical
noise is, in general, negligible.

For the breadboarded system, the data clock signal was taken from the pattern generator
and fed to the error detector. In a real system, a clock recovery of its own will have to be
implemented, as it is standard in terrestrial fiber systems. The sampling instant and the
decision threshold for the error detector were optimized manually for every measurement.
The sampling instant, which is not that critical, could be fixed relative to the recovered clock
signal. Using an automatic power control at the input of the photo-diode module could
mitigate the problem of threshold optimization, since the decision threshold could then be
set once and its optimum value would not change significantly for different receiver input
power levels.

5.4 Effects leading to the difference to the quantum limit

The best sensitivity results achieved in experiment and simulation are some 3.1 dB worse
than the quantum limit. I investigated the individual contributions of the effects leading to
this difference by performing calculations with modified simulation parameters.

Setting the electrical noise and the noise from the booster EDFA zero, assuming ideal noise
properties of the preamplifier EDFA (Fp = 3 dB, polarization filter implemented) and the
transmit pulse (rectangular with infinite extinction ratio) leads to 0.5 dB sensitivity penalty
relative to the quantum limit. The reason for this is that the optical Bragg filter and the
electrical Bessel filter are not matched to the signal pulse shape.

For a realistic noise figure of the preamplifier EDFA (Fp = 3.3 dB), a receiver setup with-
out polarization filter, realistic electrical noise (No = 1.8 • 10~8 V/VÏÏz) and including the
influence of booster ASE, a 1 dB sensitivity penalty has to be expected.

Taking into account, finally, the measured extinction ratio and pulse shape in the simula-
tion lead to a sensitivity penalty of 3.1 dB. This indicates that the transmit signal shape is the
most important parameter influencing system performance.



Chapter 6

Quantum Communications in Space

Within the last years there evolved several possibilities of making use of nonclassical quan-
tum effects for communications applications that would not be possible classically [104,105].
One example is Quantum cryptography. This application takes advantage of entanglement and
the no-cloning theorem1 to share a key between two partners of which no other party can gain
any information [106].

Many aspects of quantum communication in space are common with classical optical
free-space communication. Examples are pointing, acquisition, and tracking, link loss and
availability, background radiation, and influence of the atmosphere. In the following, I will
outline an experimental scenario for free space quantum key distribution (QKD) with entan-
gled photons employing the ISS and analyze critical parameters.

6.1 Principles of quantum key distribution with entangled photons

Truly secret communication has been dreamt of throughout history. When transmitting an
encrypted message, there are two possibilities for an eavesdropper to gain the information:
breaking the cipher or obtaining the key. The first attack can be repulsed by using a random
key and applying the Vernam cipher [107]. In 1949 Shannon proved that a message coded this
way is safe provided that the key is secret, truly random, has the same length as the message,
and is used only once [108].

The problem of secret key distribution can be overcome by using quantum physics. The
first quantum protocol for transmission of a random, secret key, BB84, was proposed by Ben-
nett and Brassard in 1984 [109]. While this protocol relies on single photon quantum states,
I will discuss the possibility of employing entangled photons for this purpose in the follow-
ing. One advantage of using photon pairs is that the deteriorating effects of dark counts and
background counts can be almost eliminated because there are two spatially separated re-
ceivers and ideally only photons identified to belong to a pair are considered. Furthermore,
the safety against eavesdropping is enlarged [106] and more flexible scenarios employing an
independent transmitter can be established (cf. Sect. 6.3).

1 As a general rule, no quantum state can be copied with arbitrary precision [104].

77
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Figure 6.1: Principle of entanglement (PDBS ... polarization dependent beam splitter).

6.1.1 Quantum entanglement

The term "entanglement" was first introduced by Erwin Schrödinger [110]. Its counterin-
tuitive conceptional implications have been pointed out in the seminal paper by Einstein,
Podolsky, and Rosen (EPR) [111]. These authors prove that quantum entanglement leads to a
contradiction of classical assumptions underlying a complete physical theory, namely locality
and realism.2

Entanglement is a very strong form of correlation. If,e.g., two particles are maximally
entangled, all properties of the individual particles are encoded completely in the correlations
between them. As a consequence, the property of each particle remains undefined (up to
its measurement). Consider two particles emitted simultaneously by a source (a so called
EPR source) to be entangled with respect to a certain property. Through the measurement of
one of the two particles, not only the property of the measured particle is obtained but also,
instantaneously, the property of the distant particle.

The scenario is outlined in Fig. 6.1 schematically for two photons entangled with respect
to polarization. After being generated by the source, the photons impinge on one of the de-
tectors after passing a polarization dependent beam splitter. As long as the other photon
has not been detected the result of the measurement is perfectly random. If one photon is
detected, the other instantaneously takes on the orthogonal polarization, leading to an in-
verse measurement result, provided that the same measurement basis (e.g. Ö°/9Ö° SOP) is
applied. This is true for any orientation of the polarization dependent beam splitter chosen
in the experiment [104].

6.1.2 Quantum key distribution protocol

For distributing a secret key between two partners A(lice) and B(ob) by employing entangled
photons a setup similar to the one shown in Fig. 6.1 may be used. To prevent eavesdropping,
the measurement basis has to be switched arbitrarily between at least two states of polar-
ization (e.g. 0°/90° and +45°/—45°, relative to a predefined reference). The source emits a
series of entangled photons directed to the two receivers. When the photon of the first pair
arrives at Alice, she chooses randomly one basis and receives a random result. If Bob inci-
dently chose the same basis, he deterministically obtains a result orthogonal to the one Alice

2In 1964 John Bell provided an experimentally accessible bound on the correlations imposed by a local realistic
theory, the so-called Bell inequality, and showed that quantum theory violates these bounds [112]. The first
experimental verification of a violation of Bell's inequality by entangled photons has been achieved by Freedman
and Clauser [113] and has later been confirmed under more stringent conditions [114,115].
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Table 6.1: Creation of the secret and random key in a QKD system.

did. If he chooses a different basis, his result is random3 (cf. Tab. 6.1). After receiving a pho-
ton, Alice and Bob exchange the basis settings via a classical communication channel. Each
of the two partners compares his settings with the settings of the other and deletes all bits
where the settings were different. The remainder is the sifted key (one of the two has to invert
his result, in Tab. 6.1 it is Bob). Alice and Bob now can cipher their message using this key
and then transmit it over classical communication channels.

If an eavesdropper (Eve) wants to get the key, she would try to catch one of the entangled
photons. But according to the no-cloning theorem, she is not able to obtain the state of the
photon and produce a perfect copy. If she detects one of Alice's photons and sends a dif-
ferent photon not entangled to Bob's one to Alice, the correlation between Alice's and Bob's
result vanishes. This can easily be checked by sharing a subset of the key via public channel
and compare the results. If the error probability exceeds a certain value, the presence of an
eavesdropper can be assumed [104,105].4

6.2 State-of-the-art of quantum key distribution

The first experimental demonstration of QKD was achieved in 1989 by Bennett and Bessette
[117], employing a protocol based on single photons. Quantum key distribution based on
entangled photons has been experimentally realized for the first time by Jennewein et al.
[116].

Usually the partners willing to exchange private information are spatially separated, they
may reside in, e.g., different cities. There are two ways of distributing a quantum key over
considerable distances: the first is to establish a free-space link and the second is to use silica
fibers as channel for the photons. The latest realizations of QKD (cf. Tab. 6.2) rely on the latter
possibility and were able to bridge some 100 km, limited by photon absorption [118]. In-line
amplifiers or regenerators as employed in classical optical transmission systems cannot be
used for quantum communication protocols because any form of amplification destroys the
unique properties of the photons, i.e. entanglement. First QKD systems are commercially
available by now (e.g. [119,120]). Table 6.2 lists some recent QKD experiments.5

3Of course, the individual outcome for Bob alone (i.e. without knowing Alice's setting) is always completely
random. Only the correlations are deterministic!

4There are more sophisticated methods to detect Eve, based on violating Bell's inequality, laid down in e.g.
[106,116]

5When comparing different QKD schemes, one may cite the bit rate of the corrected key and the link distance.
It is, however, equally important to take into account any difference in the photon sources, the propagation
medium, and in protocols.
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group
Geneva University
Los Alamos National Laboratory
University of Vienna
QinetiQ
Geneva University, ID-Quantique
Los Alamos National Laboratory
CNRS (France)
LMU Munich, QinetiQ
Toshiba
MagiQ

ref.
[121]
[122]
[116]
[123]
[124]
[125]
[126]
[127]
[128]
[119]

channel
fiber

free-space
fiber

free-space
fiber

free-space
free-space
free-space

fiber
fiber

net key rate
—

3kb/s
530b/s

71-685b/s
44-4300b/s

400 b/s
7.7 kb/s

1.5-2kb/s
—
—

distance
10 km

1.6 km
350 m

1.9 km
67 km

9.5 km
50 m

23.4 km
100 km
120 km

year
1998
1999
2000
2001
2002
2002
2002
2002
2003
2003

Table 6.2: QKD experiments.

A state of the art entangled photon source has typical dimensions of 100 cm x 80 cm x
25 cm. Space qualification has not yet been reached. Required developments include space
qualification of the pumping diode laser, further miniaturization and stabilization of the op-
tics modules and that of radiation-hard optics. Space qualified Si-APD detectors have been
used in the SILEX experiment, however, they do not operate in the single-photon counting
mode.

In order to establish quantum cryptography networks on a global scale, it is essential
to distribute single photons or entangled photons over distances exceeding the ones realiz-
able in fiber systems by more than an order of magnitude. Optical free-space links could
provide a unique solution to this problem since they allow in principle for much larger un-
amplified propagation distances of photons due to the low absorption of the atmosphere in
certain wavelength ranges. Free-space optical links have been studied and successfully im-
plemented already for several years for their application in quantum cryptography based on
single photons [125,127,129]. Also the possibility of using space-based terminals has been
considered [130-133]. Links exploiting the benefits of entanglement-based QKD, especially
employing the ISS as platform for a terminal were discussed recently [58,134-136] and are
pursued in ongoing ESA studies [137].

6.3 Quantum communication scenarios comprising the ISS

One may distinguish the cases in which the transmitter of entangled photons is located on
ground or aboard the ISS. These scenarios will allow various applications to be discussed
below.

6.3.1 Earth-based transmitter terminal

The scenarios involving an Earth-based transmitter terminal allow to share quantum entan-
glement between a ground station and the ISS or between the ISS and another satellite. In the
most simple case, a straight uplink to one ISS-based receiver (see Fig. 6.2 a) is used to perform
secure quantum key distribution between the transmitter and the receiver. Here, one of the
photons of the entangled pair is being detected right at the transmitter site. Shared entangle-
ment between two distant parties can also be achieved by directing each of the photons of an
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Figure 6.2: Scenarios for quantum communication with Earth-based transmitter terminals.

entangled pair either towards another Earth-based station and the ISS or towards two sepa-
rate space-based receivers (see Figs. 6.2 b). However a secure link between two satellites on
its own seems to be not very promising, but could serve as part of a more complex scenario.

6.3.2 ISS-based transmitter terminal

A transmitter with an entangled photon source placed on a space-based platform not only
allows increased link distances because of reduced influence of atmospheric turbulence (see
Sect. 2.3) but also leads to more flexible scenarios. A simple downlink allows to establish a
QKD protocol (see Fig. 6.3 a). In this configuration, a key exchange between two ground sta-
tions is also possible. To this end each of the two ground stations has to establish a separate
quantum key with the ISS at different times. Since the space terminal has access to both keys,
it can transmit a logical combination of the keys which can then be used by either ground
station or both ground stations such that they arrive at the same key. Note that the key is
not generated simultaneously at both receiver stations. By applying this scenario a quantum
key exchange can be performed, in principle, between arbitrarily located ground stations at
different times.6 However, this scheme imposes the same high security constraints onto the
source as are required for the two ground stations. The use of entangled states sent simulta-
neously to two separate ground stations (Fig. 6.3 b) or a ground station and a satellite (Fig.
6.3 c) allows instantaneous key exchange between two communicating parties on ground and
guarantees that the transmitter has no information about the shared key. Therefore, no secu-
rity requirement has to be imposed onto the source; in principle, the source could even be in
the hands of a potential eavesdropper [131,134,135].

6.4 Quantum key distribution between two ground stations using
the ISS

Most of the potential applications will ask for secure communication between two ground-
based partners. It is therefore the aim to distribute a quantum key between two ground
stations (configuration (c) of Fig. 6.3). This scenario has several advantages compared to the

6Provided that a link between the ISS and the ground station is not impossible due to the geographical position
of the ground station.
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Figure 6.3: Scenarios for quantum communication with space-based transmitter terminals.

others discussed in Sect. 6.3: The transmitter can by no chance obtain any information about
the key the receivers exchange. In addition, the scenario provides high flexibility, because
none of the two partners sharing the secret key has to posses an entangled-photon source.
One and the same transmitter may distribute keys to several pairs of communication part-
ners at different times. If the transmitter terminal is additionally equipped with a reception
module, QKD between the transmitter and a ground station (scenario (a) from Fig. 6.3) can
be realized as well.

The transmitter terminal aboard the ISS has to comprise a source of entangled photons
and two separate telescope and PAT subsystems directing the photons towards two ground
stations provided both are within reach. A simultaneous link between ISS and two ground
stations will only be available for a few minutes per day at most [58,137]. During this time, the
acquisition sequence as well as the key distribution as outlined in Sect. 6.1 have to take place.
When distributing pairs of entangled photons from a space-based source to two different
ground stations, it has to be identified which of the detected photons "belong" to each other;
the receivers must be synchronized with the transmitter. To set up a QKD protocol it is there-
fore mandatory to establish conventional communication links between all three partners in
addition to the two quantum channels: Synchronization and comparison of the received key
may be established via classical optical or RF links. For this purpose one could use the bea-
con laser implemented for pointing and acquisition and thus save on hardware [58,134]. The
exchange of the encrypted data between the ground stations may be performed via classical
channels, e.g. optical fiber.
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The receiver terminals on ground must be able to detect single-photons and perform
quantum-state measurements. They also have to be capable of tracking the ISS on its low
orbit which asks for fast angular motions of the telescope (up to 1.0° / s azimuth and up to
0.2°/s elevation) [52]. This is not self-evident especially for ground stations with large tele-
scopes, e.g., the OGS.

As outlined in, e.g., [134], the overall link attenuation, i.e. the entire loss for both space-
to-ground links, must not exceed 60 dB. (This value results from a minimum signal-to-noise
ratio determined by the repetition rate of the entangled-photon-source and the dark-count
ratio of the detectors employed.) Thus, the attenuation for each space-to-ground link must
not exceed 30 dB. Because of the low orbit of ISS, attenuation factors as low as this can be
achieved, especially when considering a ground telescope not too small (see Fig. 2.10)7

6.5 Assessment

Quantum communication represents a fundamentally new technology. I will now make as-
sessments of the critical aspects of this concept as seen from an engineering point-of-view.

Data rate: Ultimate security can only be guaranteed if the key is of the same length as the
message to be encrypted. This means that the maximum net data rate is limited to the
speed the key is generated with, which is proportional to (but less than half of) the pair
production rate of the entangled photon source. Today, this value is as low as some
tens of kb/s [58]. I may therefore say that security comes at the price of very stringent
data-rate limitation.

Synchronization: The synchronization between transmitter and the two receivers has to be as
accurate as some 10 ns [58]. This value scales with the pair production rate. A possible
solution for this problem is to use the beacon laser for synchronization but one has to
consider the different propagation properties of the atmosphere when the beacon laser
is operated at a wavelength different from the entangled photons.

Link availability: The availability of a simultaneous link between the ISS and two ground
stations is low [58,137]. For a commercial application where the user decides when
he likes to obtain a key independent to the actual position of the ISS, a network of
satellites bearing entangled photon sources has to be set up. Another possibility is
the implementation of MEO-based or even GEO-based transmitter terminals, where
the access conditions more favorable. However, the large distances of such scenarios
would ask for an increased in tolerable link attenuation.

Security: Since the key generated as described still has an error probability greater than zero
(QBER, quantum bit error rate) due to, e.g., dark counts in the receiver, background radi-
ation, or synchronization errors, there is a non-vanishing probability of an undisclosed
eavesdropper to be present. Certain measures have to be carried out to make this prob-
ability sufficient low (e.g. privacy amplification [105]).

7The best sources of entangled photons available today are based on spontaneous parametric down conversion
and operate at 810 run [58]. At this wavelength the divergence is smaller than for 1 550 nm and therefore the link
attenuation is reduced by some 6 dB (cf. 2.6).



Appendix A

Link duration between the ISS and a
ground station

In the following the duration of mutual visibility between the ISS and a ground station will
be derived as a function of five parameters: the satellite's inclination 4>, and altitude h, the
ground station's latitude W, the minimum elevation angle em,„, and the longitudinal shift of
the actual orbit Aiong. The latter is the longitudinal difference between the ground station and
the nadir of the ISS when in maximum elevation (emax) seen from the ground station (see Fig.
A.I). Depending on the station's latitude W, the angle 6 depends on Aiong in the following

Figure A.I: ISS passing a ground station (perpendicular to the drawing-plane). The angle
5 corresponds to the longitudinal shift Aiong; emax is the maximum elevation angle of the
actual orbit. The minimum elevation angle £min depends on atmospheric properties or the
surrounding landscape of the ground station, (TE ••• Earth radius)
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way:

Here, £ is the angle between the path of the nadir of the ISS and a line parallel to the equator
(as shown in Fig. 2.3). It depends on the inclination angle of the ISS (#, = 51°) and the
latitude of the ground station,

6 = arcsin ( sin Along - ^ r ^ ) . (A.I)

To obtain the distance x as shown in Fig. A.2,1 need to know the auxiliary variables y and
z depending on the parameters listed above. From Fig. A.I we see that

y = (rE + h)sind, (A.3)

where

& = arccos ( TE COS emin ) - emin (A.4)

was obtained by applying the law of sines. After a short derivation we get

}-— y2tan5 — (rE + h)cosdtan6. (A.5)

This leads to
' / cös 2 ^

-z2 = (rE + h)dl-—YJ. (A.6)
V cosz o

Together with the angular velocity of the ISS, ws — 2n/Trev = 1,1 mrad/s (the duration
of one revolution, Trev, is about 92 minutes), we now can calculate the possible link duration

T 2 . f X \ Tm . ( f. COS2#\
T = — arcsin = arcsin \ \ 1 =— .

Ws \rE+hJ n \V cos2 5 ]

(A.7)
/

ISS trajectory

Figure A.2: Simplified version of Fig. 2.3 to illustrate the calculation of the possible link du-
ration. The lengths y and z have been shown in Fig. A.I.
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Abbreviations, constants, and symbols

B.I List of abbreviations

ASE amplified spontaneous emission
APD avalanche photo diode
ARTEMIS advanced relay and technology mission satellite
BERT bit error ratio tester
BF Bessel filter
CCD charge coupled devices
DD direct detection
DFB distributed feed-back
DPSK differential phase shift keying
DRTS data relay test satellite
EAM electro-absorption modulator
EDFA Erbium-doped fiber amplifier
EPR Einstein, Podolsky, and Rosen
ESTEC European Space Research & Technology Center
ESA European Space Agency
FBG fiber Bragg grating
FOV field of view
FPF Fabry-Pérot filter
FSK frequency shift keying
GEO geostationary orbit
ISI intersymbol interference
ISL intersatellite link
ISS International Space Station
ISSERT International Space Station engineering research and technology development program
ITU International Telecommunication Union
JEM Japanese experimental module
JPL Jet Propulsion Laboratory
LCDE laser communications demonstration experiment
LCE laser communications equipment
LEO low Earth orbit
LF low-pass filter
LO local oscillator
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LUCE laser utilizing communications equipment
MEO medium earth orbit
MZM Mach-Zehnder modulator
NASA National Aeronautics and Space Administration
NRZ non return-to-zero
OCD optical communication demonstrator
OCDHRLF optical communication demonstration and high-rate link facility
OGS ESA's optical ground station at Tenerife
OICETS optical inter-orbit communications engineering test satellite
OOK on-off-keying
PAA point ahead angle
PAT pointing, acquisition, and tracking
PDBS polarization dependent beam splitter
PDF probability density function
PRBS pseudo random bit sequence
PSK phase shift keying
QBER quantum bit error rate
QKD quantum key distribution
QPD quadrant photo diode
PN pseudo noise
PRBS pseudo random bit sequence
RF radio frequency
RZ return-to-zero
SILEX semiconductor intersatellite link experiment
SLSR side lobe suppression ratio
SM single-mode
SNR signal-to-noise ratio
SOLACOS solid state laser communications in space
SOP state of polarization
SROIL short range intersatellite link
STRV space technology research vehicle
TDRSS tracking and data relay satellite system
TSX tri-service experiments
TUV University of Technology, Vienna
WDM wavelength-division-multiplex

B.2 List of physical and mathematical constants

c = 2.9979 -108 m/s
q = 1.602-NT19 As
e = 2.7183
h = 6.6262 -10-34Js

k= 1.3807 10-23J/K

free space light velocity
elementary charge
Euler's constant
Planck's constant
imaginary unit
Boltzmann's constant
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B.3 List of astronomical data
Jo = 3 . 1 - l O ~ 9 W / m 2 reference visible irradiance
AU = 149.597 • 106 km astronomical uni t (distance Earth <-> Sun)
r£ = 6 377 k m radius of the Earth
rSun — 696 • 103 k m radius of the Sun
rMoon = 1 734 k m radius of the Moon
rvenus = 6 052 k m radius of the Venus
dMoon = 0.00257 A U = 384 400 km average distance Earth <-»• Moon
dvenus = 0.277 AU average distance Earth <-> Venus
TSun = 5 900 K temperature of the Sun

= 11 000 K temperature of the Sirius

B.4 List of Latin symbols

a a l t i tude of a ground station above sea level
fljt original binary value of k-th bit
A a lbedo of celestial body
A attenuation factor
Aeff body's area as seen from the receiver
A r e c receiver 's area
App b e a m area at receiver
bjt detected binary value of k-th bit
b(t) optical filter's complex baseband impulse response
^(/) optical filter's baseband field transfer function
Be 3 dB-bandwid th of the electrical filter
Be>n power equivalent wid th of the electrical filter
Bo 3 dB-bandwid th of the optical filter
BOin power equivalent width of the optical filter
BEP bit error probability
C conversion gain of photo diode module
C\ structure constant
C\ 0 structure constant on ground
d duty cycle
DR diameter of receive telescope
Ds diameter of radiation source
Dj diameter of transmit telescope
e,„ (0 communication signal at the receiver input
e/(t) optically amplified and filtered field
Ei optical energy for a "l"-bit
/ frequency
Fequ equivalent noise figure
Ff, noise figure of the booster amplifier at the transmit ter
Fp noise figure of the optical preamplifier
FWHH full width half height (expressed as wavelength) of optical filter
g(t) optical field at receiver input
Gj, gain of the optical booster amplifier at the transmit ter
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Gp gain of the optical preamplifier
h altitude of a satellite, height above ground
h(t) impulse response of photo diode module
H(f) transfer function of photo diode module
"K spectral irradiance
Id laser drive current
IL insertion loss of optical filter
k\ gain reduction factor
/ length of fiber Bragg grating
L distance between ground station and satellite
Lp pointing loss
m number of spatial modes
Mpoi number of polarization modes
ns receiver sensitivity (given in photons per bit)
riq quan tum limit
nASE,b amplified spontaneous emission from the transmit ter 's booster amplifier
nASE,p amplified spontaneous emission from the preamplifier
nback background noise
n(JV) refractive index
no constant tributary of refractive index
ni (3Î) tributary of refractive index dependent on location
N length of pseudo random bit sequence
NEP noise equivalent power
No overall noise power spectral density
^ASE,b booster amplified spontaneous emission power spectral density
NASE,P preamplifier amplified spontaneous emission power spectral density
Nback background radiation power spectral density
NEP noise equivalent power of diode module
N(A) spectral radiance
p(t) optical input power
Pi(t) optical power waveform representing a single " l"-bi t
ipx{£) probability density function of stochastic process x
Pn.back average of the optically filtered background radiation
Pn,ASE overall incoherent noise average
Pn,ASE,b average of the optically filtered transmitter booster 's ASE
Pn,ASE,p average of the optically filtered preamplifier 's ASE
PT mean power at transmitter output
PR mean power at receiver input
q(t) optical communication signal at transmitter ou tpu t
ro Fried parameter
ri,(t) optical filter's autocorrelation function
Th (t) electrical filter's autocorrelation function
R data rate, distance between receiver and source of background radiation
Rj resistance converting the current-output of a photo diode into a voltage
51 point in three dimensional space
s normalized frequency
s(t) mean of the electrical signal after the diode module
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S responsivity of a photo diode, (spatial) power density
Sth decision threshold
SLSR side lobe suppression ratio
t time
T link duration, temperature
TA atmospheric transmissivity
Tbit bit duration
Teff effective temperature of celestial object
Tp effective pulse duration
Trev durat ion of one revolution of a satellite
Ts sampling instant
Tse effective surface temperature for self emission
Tj transmission factor of transmit telescope
TR transmission factor of receive telescope
Ub offset voltage of modulat ion signal
Um peak-to-peak voltage of modulat ion signal
v relative velocity between two terminals
Vg velocity component of the ground station, group velocity
vpw pseudo wind speed for the H-V model
vs velocity component of the satellite
x auxiliary variable to calculate link dura t ion
y auxiliary variable to calculate link dura t ion
z auxiliary variable to calculate link dura t ion

B.5 List of Greek symbols

oc auxiliary angle, affordable pointing error, roll-off factor of pulses
ß (/) design parameter for fiber Bragg gratings
<5 angle corresponding to A longitude
A longitude longitudinal shift of actual orbit
AT time it takes the light to travel from Terminal 1 to Terminal 2
e elevation angle (measured from equator)
y auxiliary angle
Yq sensitivity penalty relative to the quantum limit
À optical wavelength
4>i inclination of satellite's orbit
K coupling coefficient of fiber Bragg grating
W geographic latitude
datm divergence angle resulting from the atmosphere
9DL planar diffraction limited field-of-view
&FOV planar angle of the receiver field-of-view
dc Gaussian beam divergence angle
8j divergence angle resulting from the transmit telescope
d auxiliary angle to calculate link duration
aj (t) variance of electrical signal at input of decision gate
ajhots(t) variance according to signal-shot noise
ashot ASE (0 variance according to ASE-shot noise
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variance according to signal-ASE noise
) variance according to ASE-ASE noise

°dec(0 variance according to electronic noise
C extinction ratio
£, angle between the path of the nadir of the ISS and a line parallel to the equator
WE angular velocity of point on surface of the Earth
ws angular velocity of satellite
a»o beam radius
dpi diffraction limited receiver field-of-view
Q.FOV receiver field-of-view

solid angle subtended by the receiver at the source
solid angle subtended by the source at the receiver
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