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Abstract

The amount of data being generated and communicated in space is ever increasing.
With radio frequency systems becoming increasingly strained under technological and
regulatory problems, laser communications has been identified as a key technology in
leading a paradigm shift within satellite communications. When compared to tradi-
tional radio satellite communications, laser communication techniques show greater
performance in terms of available data rates, but also improvements in areas such as a
reduction in the size, weight and power of the communication subsystem.

Historically, laser communications has been demonstrated on large satellites but
their current use upon small satellites (< 10 kg) is limited. Within this thesis we
address this problem by providing a trade-off analysis for a laser transmitter within
space and assess the unique environment in which these laser systems will operate.

3 new classes of optical component not previously assessed for space use are tested.
A polarisation maintaining hybrid and non-polarisation maintaining hybrid component
are shown to suitable for use within a low-Earth orbit environment whilst a compact
1 pm isolator needs to be assessed further. Additionally, a selection of double-clad
ErYb-doped fibers are tested to select the most suitable fiber for use within future
high-power applications.

With a new set of parts tested, the thesis turns towards novel module development.
The first module presented is a technology readiness level 5/6 design for a 0.2 W, 1 Gbps
laser transmitter designed for CubeSat applications. The optical design is modelled
and verified over a temperature range of -5 °C to +50 °C. Finally a multi-channel
optical amplifier used for photonic-based radio frequency beam-forming is presented.

This amplifier utilises a novel photonic-crystal fiber which was then integrated into a
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module and performance verified.
Having demonstrated the potential for laser communications in small satellite ap-
plications. This thesis has helped to provide a technological base on which the next-

generation of compact, optical communication payloads can be built.
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Chapter 1

Introduction and Executive

Summary

1.1 Introduction

Since the 1960s, satellite communications has become increasingly important in the
modern world. From providing key science data to entertainment, society has become
increasingly reliant on this technology. Current trends in the satellite communications
industry have led to increasing strains on radio frequency (RF) architectures [1.1]. The
first trend is that the RF spectrum is becoming increasingly populated due to more
developing countries becoming space-faring nations requiring access to the key parts
of the RF spectrum to provide services to their citizens e.g. navigation systems and
satellite TV. An additional factor is that a larger amount of private spacecraft are
being launched each year for commercial systems with large networks of small satellites
becoming increasingly popular, thus further congesting the RF spectrum. The second
trend is that the sensors on-board spacecraft are producing ever-larger amounts of data
and the ability of them being able to communicate this data is a mission-limiting factor
[1.2].

There are multiple solutions to this problem and one of which is space laser com-
munications. Although a multitude of research has previously been completed on high

bandwidth RF systems. Space-based laser communications offers improvements in
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many sought-after design spaces. Some examples of these improvements include: ter-
minals with a lower size, weight and power (SWaP), higher data rates and more relaxed
regulations when compared to state-of-the-art RF systems (see section 2.3 for more de-
tails). This need for an increase in data bandwidth and the possible impact that laser
communications could provide has been highlighted worldwide by the space community
[1.2]-[1.4] emphasising the requirement for research in to this field.

Research into space laser communications has been occurring since the 1970s with
the European Space Agency (ESA) leading the way [1.4]. Early attempts were made
by the National Aeronautics and Space Administration (NASA) in 1992 when the
Galileo spacecraft demonstrated the possibility of optical links with satellites [1.5]. The
Japanese Aerospace Exploration Agency (JAXA) became the first agency to demon-
strate a geostationary orbit (GEO) to ground, bi-directional link in 1995 with the
ETS-VI satellite [1.6], [1.7]. However it was not until 2001 when the first robust laser
communications link in space became operational with data rates able to support satel-
lite payloads [1.8], [1.9]. Since 2001, most space agencies have developed systems for
more applications such as inter-satellite links (ISLs) [1.9], [1.10] or direct downlink of
data from the Moon [1.11].

This thesis describes the development of one of the key technologies and the com-
ponents needed when building a space-based optical communications network, the laser
transmitter (LTX). A large focus will be made on the miniaturisation of the transmitter
as the targeted end use of these terminals is to be used in small- (mass < 50 kg) or
micro-satellite (mass < 10 kg) communication sub-systems. As already occurred terres-
trially, fiber-optics offers many improvements in SWaP when compared to RF systems
and has replaced RF in long-distance communications. In turn, this thesis will add to
the research in the paradigm shift from RF communications to the optical regime, a

key factor in linking up the world through the transfer of data.

1.2 Executive Summary

Laser communications has been identified as a key enabling technology for the next

generation of high-data rate communication systems to help alleviate upcoming issues

2
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with RF communications such as spectrum congestion and the capacity of RF net-
works. However, as described within this thesis, the current qualification status of
opto-electronics and fiber amplifiers varies greatly depending on the technology used.
The relatively unknown qualification status of these components and systems currently
limits their use within space missions and therefore provides an opportunity for it to
be addressed.

A broad literature analysis is first presented discussing the background of space-
based laser communications, next the building blocks needed for a laser transmitter
and the current qualification status for each block is discussed and a trade-off analysis
presented. The anticipated operating environment and the challenges this causes is
also discussed with a focus upon the erbium and erbium-ytterbium doped fibers and
the damage caused by ~v-radiation. Finally, a comparison of RF and optical satellite
communication systems followed by the status of current state-of-the-art laser commu-
nication systems.

The overall aim of this thesis is to assess new components and design new modules
for use within a variety of satellite communications applications. This is achieved by
first assessing fiber optic components for their use within space through environmen-
tal testing. The tested components are a polarisation-maintaining (PM) and non-PM
fiber hybrid component which consist of an isolator, tap and wave division multiplexer
(WDM) in one package and a compact isolator designed for use at 1064 nm. Addi-
tionally, a selection of co-doped ErYb fibers have been assessed to determine the most
radiation resilient fiber in terms of both specialist and commercially available fiber.

With a new class of component tested, the first iteration of design for a small form-
factor laser transmitter for small- and micro-satellite applications is presented. This
laser transmitter is designed for an initial data rate of 1 Gbit/s and output power
of 0.2 W. Design and verification testing over temperature is presented, raising the
technology readiness level (TRL) of this module to TRL 5/6. Although this does not
use the previously tested components, this module will lay the foundation for the next
generation of commercially available laser transmitters for space applications.

Finally, the assembly and testing of a multi-channel fiber amplifier for the miniatur-
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isation of future RF beam-forming modules is shown. This module utilises a radiation-
hardened, erbium-doped photonic crystal fiber (PCF) which can provide amplification
across 7 channels. This fiber is also assessed for it’s resistance to radiation and a ra-
diation induced attenuation (RIA) of 0.72 dB/100 kRad is reported. This radiation
hardness is achieved by co-doping the erbium photonic crystal fiber with Cerium, a
known element used for radiation hardening in other fiber types and bulk glasses. With
the fiber tested, a 7-channel amplifier module utilising this novel PCF was assembled
and tested. Testing showed amplification of over 20 dB in all 7 channels. Following suc-
cessful testing, the module was then integrated into a demonstrator which showed the
first instance RF beam separation via a complete photonic-aided payload. More specif-
ically, this module demonstrated the first use of a multi-channel Er-doped multi-core

PCF within an optical beam forming network.

1.3 Thesis Structure

The remaining chapters of this thesis are set out in a portfolio format such that each
major body of work commenced as part of this EngD project shall be presented in a
single chapter. The exception to this is Chapter 2 which describes the background to

the thesis subject matter. The chapters are organised as follows:

e Chapter 2 introduces the theory behind a space based LTX and performs a
trade-off analysis of potential technologies that can be used within space laser
communications systems. In addition, the chapter describes the anticipated op-
erational environment; the design challenges it poses and how they are overcome.
Finally it discusses the benefits of optical over RF communications and includes
examples of current state-of-the-art systems; plus planned missions which in turn

provides a context for this thesis.

o Chapter 3 describes the environmental testing undertaken on various fiber optic
components. Test levels have been chosen to simulate the components’ antici-

pated operational environment and results analysed to assess the components’
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suitability for space applications. This testing will be completed on both passive

and active fiber optic components.

Chapter 4 describes the design and development of a 0.2 W, 1 Gbits~! CubeSat-
class laser transmitter. This transmitter is designed to be for use on micro-
satellites (mass < 10kg). Two designs will be presented utilising the same optical

engine thus showing the versatility of the optical engine.

Chapter 5 describes the development and testing of an optical amplifier to be
used for intra-satellite communication and RF beam-forming applications. This
amplifier was designed to amplify multiple RF channels in a compact format when

compared to contemporary RF communication payloads.

Chapter 6 will conclude the thesis summarising the key findings and discussing
future work and the path towards demonstrating the modules developed in this

thesis in orbit.
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Chapter 2

Introduction to Laser

Communications for Satellites

Chapter 2 introduces the field of space laser communications and the design challenges
faced in designing such a system. Additionally, a review of contemporary satellite based
laser communication systems shall be presented illustrating the state of the field and
any opportunities that the research in this thesis can address. Chapter 2 is structured

as follows:

e Section 2.1 will discuss laser transmitters for space-based optical communications;
discussing potential component technologies and the trade-offs needed for a space-

based system.

e Section 2.2 will illustrate the operational environment and potential damage
mechanisms of the modules in space. The focus of this section will be that of
fiber optic components as the damage mechanisms for this component class have

only recently became to be known.

e Section 2.3 surveys the current field of space based optical communications and
the potential improvements that optical systems can provide over current RF
systems. In addition, state-of-the-art systems will be presented with examples of

future space-based optical communications systems.
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2.1 Laser Transmitters for Space-Based Optical Commu-

nications

To build a free-space optical communications system, it is best to visualise the system
as a sequence of blocks through which the signal is passed through. An example block
diagram is shown in Figure 2.1. It details the stages required to construct a free-
space optical communications link and the key parts of the system. One of the main
differences between space-based optical communications as from terrestrially optical
communication systems is the lack of a relay amplifier (except the use of a relay satellite)
when trying to communicate over long distances. Thankfully, when operating at high
optical powers, non-linear effects experienced when communicating over long distances
in the atmosphere or in long lengths of optical fiber do not exist in the vacuum of space.

Two of the blocks shown in Figure 2.1, the amplifier blocks (both at the transmitter
(TX) and receiver (RX)) and LTX sub-system which are key parts of the link and the
main focus for the work presented in this thesis. The aim of this sub-section is to
introduce the reader to laser transmitters and optical amplifiers and to discuss the
suitability of using these technologies in the space environment and to perform trade-
offs when necessary. The key design trade-offs are shown in Table 2.1 and elaborated
upon in later sections. As can be seen in Table 2.1, TRL! plays a key part in the
selection of these components. This is to ensure that the laser transmitters developed
as part of this project can be developed quickly and at a low risk. It can be seen from
Table 2.1 that the main parameter of each technology is the SWaP. The component
selection may vary significantly for different applications. E.g. The technologies used
on a laser transmitter for CubeSats could vary greatly from the technology used on a

laser transmitter designed for small satellites.

Tn this thesis the TRLs defined by NASA will be used. This is slightly different from those seen
in terrestrial industry as NASA’s TRL places more importance on rigorous terrestrial testing before
orbital deployment. For more information on the definition of TRL levels see Appendix B.
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Trade-off Performance

F ibl :
Parameters easible Options

System Parameter

Link budget, required optical
Detection Method output power & impact on Direct v Coherent Detection
SWaP.

Interoperability, cost, future-

proofing & efficiency. 1550 nm v 1064 nm.

Operational Wavelength

SWaP, cost & noise perfor- Diode laser v Solid-State laser

Laser Source mance. (NPRO).

Transmitter Integration SWaP & TRL Fiber Op.tICS-V Photonic Inte-
Technology grated Circuits

Modulation Method Optical power handling & ex- DML v Externally Modu-

tinction ratio. lated.
Amplifier Technology Cost, TRL & SWaP. Is)l?fi rV Rare-Earth doped am-

Table 2.1: Summary of key trade-offs in space-based laser transmitter design.

2.1.1 Detection Architectures

Optical communications is a technique where light is used to transfer data from a
transmitting terminal to a receiving terminal via a wave-guide (such as an optical fiber)
or through free space. There are two main principles by which data can be conveyed
via light by modulating a property of the light. These modulation principles in-turn
drive both the TX and RX system architectures.

Direct Detection

The first principle is that of direct detection (DD) (also known as non-coherent) where
the data is conveyed by modulating the intensity of the light. A DD receiver identifies
a 1 or zero on the basis of the presence or absence of transmitted light. This is also
known as on-off keying (OOK) and an example is shown in Figure 2.2.

As part of the LTX, DD can be implemented either by using directly modulating
the source laser through the use of a directly modulated laser (DML) or by using an
external modulator. As shown in Figure 2.2 the light is intensity modulated and this
technique is commonly used within the communications industry due to it’s simplicity.

When intensity modulation is combined with DD, as is in most cases, it is known as

10
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Figure 2.2: Illustrative example of a direct detection modulation scheme (RZ-OOK).

intensity modulated/directly detected (IM/DD).

As discussed previously, DD uses only the amplitude information of the carrier wave.
This is the most simple modulation principle and therefore is the easiest to implement.
This is usually achieved by focusing the received light onto a photodiode where the
amplitude of the light creates a data signal and only a noise signal when no light is
present.

IM/DD is attractive as a transmission architecture due to its simplicity and conse-
quently it is commonplace within the optical communications industry (albeit not in
modern terrestrial system) and a large amount of effort has taken place in developing
IM/DD systems [2.1], [2.2]. The large amount of experience accrued in IM/DD systems
leads to two main advantages. Firstly, when designing a new space system architec-
ture, it is easiest to keep the architecture simple. This de-risks the project and allows
the focus of development to be on assessing the impact of the space environment on
the technology; one of the key themes of this thesis and one of Chan’s 'design rules
for designing communication subsystems’ [2.3]. The second advantage is that because
IM/DD is commonplace in the optical communications industry many technologies and
components have been developed to meet this market. This leads to a larger selection
of technologies to choose from, some of which shall be assessed later on in this section,
and therefore a decrease in development cost and time due to specialist components

already being developed.

11
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Coherent Detection

The second modulation principle is coherent detection (CD). In this detection scheme,
the data is encoded onto the carrier such that the light’s amplitude and phase infor-
mation is used. It offers many advantages over DD including better sensitivity, and
therefore access to higher data rates (=> 10 Gbit/s) due to improvements in the link
budget, and less susceptibility to non-coherent light sources such as background or
stray light. An example of a CD scheme is binary phase shift keying (BPSK) where
the phase of a carrier wave is modulated to indicate data.

In CD, (amplitude or frequency) of the optical carrier is modulated by the to be
transmitted as part of the LTX sub-system. The local oscillator (LO) is combined
with the transmitted signal to recover the transmitter phase (or amplitude or fre-
quency). There are three ways in which a CD transmitter can be implemented. The
choice of which would depend on a trade-off of specific properties of the communication
link architecture. Example trade-off parameters include transceiver /host spacecraft re-
quirements, availability and maturity of key components such as the LO or modula-
tor/demodulator [2.4]. The three architectures in which CD can be implemented are

as follows:

1. The use of a high power LO laser with data modulated onto the carrier by a high

power, low loss modulator.

2. Use of a medium power LO laser with a medium power modulator. In addition
a booster amplifier is used (low gain, high output power) to increase the output
power to the desired level. E.g. A semi-conductor bulk amplifier (Nd-doped glass

or crystal).

3. Low power LO laser with a low power, low loss modulator and high gain, high
output power amplifier. In this regime, the modulator and LO operate at mW
levels whilst the amplifier will boost the modulated light to several Watt-level
output powers. In this case the transmitter is usually implemented in a all-fiber

solution.

12
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The choice of using IM/DD or CD as the detection technique is not always that
easy. The main driver of the choice of detection technique is that of overall wall-plug
efficiency of the LTX. This is a measure of how much electrical power is required to
reach a certain optical output power level. For satellites, this is a key parameter as
power generation is always limited through the fixed size of the solar panel arrays and
capacity of batteries on-board the spacecraft. It is well known that the main driver of
the overall communications system’s power budget is that of the required transmitter
output power [2.4], [2.5]. As the overall efficiency of the LTX is a key driver in not
just the link budget, but also in power budget of the overall spacecraft; the component
selection of the LTX is important such that the impact on other systems within the
satellite is minimized. This allows for the desired improvement of functionality of other
systems such as the payload. For the rest of this section, the focus will be on the

components of the LTX system and how a good TX efficiency can be maintained.

2.1.2 Operational Wavelength

The selection of the operational wavelength is a key parameter when designing an
optical communications link. This is because it impacts both the link budget but also
the optical technologies used in both the transmitter and receiver design.

The first free-space optical links in space operated at a wavelength of 847 nm but
the drive towards smaller terminals found that a shift towards operational wavelengths
of 1550 nm (C-band?), and 1064 nm were needed [2.6].

Although the atmosphere permits the use of many wavelengths to propagate through,
the choice of wavelength selection is not necessarily an easy one and a trade-off analysis
must be made. The main trade-offs are summarised in Table 2.2 [2.4]. Although histor-
ically systems have been designed to operate at 1064 nm this wavelength was chosen at
the time as technology operating at 1064 nm was seen to be more mature (in terms of
flight qualification) and did not carry the risk photo-darkening of the optical amplifier
(see section 2.2 for more information).

Regardless of the wavelength of operation, the operational wavelength must be

2The optical C-band have wavelengths between 1530-1565 nm and is not to be confused with the
RF C-band.

13
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A (nm) Pros Cons
Higher n, Lower commercial availability of
1064 parts

Typical detectors more efficient!

. . High i
Lower diffraction losses igher quantum noise

Compatible with many fibre optic
components
Lower Doppler shift
Lower atmospheric attenuation

! E.g. InGaAs photodiodes.

1550 Higher diffraction losses

Table 2.2: Comparison of Different Operational Wavelengths

tuned to counteract the frequency shift brought forward by the Doppler effect and the
relative movements of the two terminals to each other. A typical value for the Doppler
shift observed for ISLs is +-4.8 GHz with a maximum frequency tuning rate of 6 MHzs ™!
[2.7]. Although these values are for a LEO-GEO link it is anticipated that these values
will in fact be lower, as shown in [2.8]. This drift can be overcome by using a tunable
laser source (e.g. a distributed feedback laser (DFB)). By using a DFB as the source it
is possible to tune the central wavelength by thermally controlling the feedback grating
manufactured into the laser diode chip. It is anticipated that this tuning rate can be
achieved by controlling a thermo-electric cooler (TEC) which is attached to the diode
laser inside the DFB package. I.e. A +4.8 GHz drift which require a shift in wavelength
of 38 pm at an operational wavelength of 1550 nm, easily achievable with a TEC.

As 1550 nm technology has become the operational wavelength of choice for terres-
trial optical communications, development of key components has already been com-
pleted. One example of this is the large selection of high-reliability fused components
offered by Gooch & Housego and other fiber optic component providers. As these com-
ponents have been previously designed to operated at an extremely low-rate of failure
by being qualified to telecommunications standards such as Telcordia GR-468 [2.9] and
Telcordia GR-326 [2.10]; qualification of these components for the space environment
is de-risked to a lower level. In a commercial aspect 1550 nm technology is attractive
as due to the large industry it supports the market is very competitive in pricing which

allows for cost-effective solutions. In addition (as shown in section 2.1.5) the C-band
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is very broadband allowing for future-proofing for wave division multiplexing (WDM)
systems.

Communications using 1064 nm are more efficient due to a lower quantum defect,
however, component availability for 1064 nm is more restricted but becoming less of
an issue due to recent advances in the field of fiber lasers [2.11]. In addition some
questions remain over the suitability of using fiber amplifiers based at 1064 nm as the
radiation hardness of Yb*" ion based fiber amplifiers is still unanswered, however the
status of this is discussed in detail in section 2.2. In addition, through the availability
of more sensitive detectors and reduction in free-path space loss (FSL) a 1064 nm will
see an improvement in a link budget when compared to a similar 1550 nm link. Finally,
1064 nm is the incumbent technology through it’s demonstration in the Furopean data
relay system (EDRS) [2.12] the European data relay system and is the technology of
choice by ESA moving forward [2.6], [2.13].

In the case where the laser transmitter is designed to be compatible with EDRS,
the operational wavelength is already 1064 nm. However, interest in the C-band is
still active as some space optical communications are adopting 1550 nm due to the
availability of low-cost, high-reliability components [2.14] or when considering high-
throughput WDM systems. Therefore when designing L'TXs for space applications,

both wavelengths must be considered when designing the laser transmitter sub-system.

2.1.3 Laser Sources

Historically, optical fibers were originally designed to operate in the region of 0.7-0.9 pm
[2.15] due to optical sources available at the time being mostly composed of Al,Ga, ;As
(aluminium gallium arsenide) [2.1]. However, it quickly became apparent that trans-
mission in the 1550 nm region was more efficient due to lower absorption losses and
dispersion limiting potential communications bandwidth [2.16] and because of these
advantages 1550 nm technology quickly became the dominant technology in industry.

Throughout the historical development of low-loss optical fiber, light sources have
always been developed to match the research in optical fibers. Initially, this led to

the first class of light emmitting diodes (LEDs) which were incoherent but could be

15



Chapter 2. Introduction to Laser Communications for Satellites

Source Pros Cons
Difficult to achieve high data
Laser Diodes Compact & efficient rate (> 10 Gbits~!) at high op-

tical output powers (> 1W)

Inefficient when compared to
Multi-Watt power levels possible other sources.
Provide good coherence IM/DD rates are limited

Heat dissipation an issue

Diode-Pumped Solid
State Lasers (e.g.
Nd:YAG)

Scaling to powers > 10 W possi-
ble

10’s  of Gbits™! modulation
bandwidth possible in one fiber Radiation Degradation

Rare-Earth Doped
Fiber Amplifiers

Susceptible to non-linear effects

mode
. . Output power limited
semi-conductor optical . .
amplifiers (SOAs) Small size & mass Large loss for coupling to fiber
Larger noise figure than other
sources

Table 2.3: Different laser source technologies and their pros and cons.

used in multi-mode (MM) fibre links [2.1]. However, as fiber technology matured the
use of single-mode technology became more apparent and LEDs became unsuitable
for long-haul communications due to the poor temporal coherence and inefficiency
of focusing the light into a single-mode fiber. As single-mode became the dominant
technology for long-haul communications, lasers became the light source of choice due
to the excellent spatial qualities of the beam exiting the laser along with the improved
temporal coherence of the light, thus making it suitable for coherent communications.
Therefore when using fiber optics to guide light or when a highly collimated beam
is needed, lasers are the light source of choice. Previously, the laser source was seen
as a limiting factor in the development of space optical communications [2.17] thus
highlighting the need for careful source selection.

Table 2.3 shows the potential feasible laser source technologies and their pros and
cons. Although fiber amplifiers and semi-conductor optical amplifiers (SOAs) can be
thought as high power laser sources, they require some seed light to amplify and will
not be discussed in this section. More information on optical amplifiers can be found

in section 2.1.5. However, the pros and cons of typical seed sources (laser diodes and
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solid-state lasers) need to be addressed and a trade-off analysis performed.

Laser Diodes

Laser diodes operate by converting electrical power into light by the combination of
electrons and holes across a forward biased p-n junction through the process of stim-
ulated emission. Laser diode design is a large topic by itself and won’t be discussed,
however the engineering impact of using laser diodes in LTXs will be considered.

For optical communication systems, single frequency operation is a must. This is
so that optical noise, caused by either the TX, RX or channel, in the optical channel
can be easily filtered out and the system is as efficient as possible. In addition single
frequency operation becomes essential in DWDM systems as an excellent discrimination
between wavelengths channel is needed. Single wavelength operation in modern laser
diodes is achieved through the use of a DFB or distributed Bragg reflector (DBR)
laser. The schematic of both a DFB and DBR is shown in Figure 2.3. Both devices
utilise a periodic grating (Bragg grating) in the laser cavity to stabilise the operational

wavelength through the mechanism of constructive/destructive interference.

Grating

Active
Region

Figure 2.3: Schematic of two different classes of feedback laser:
(a) DFB laser & (b) DBR laser.

The use of the Bragg grating along with tight control of the cavity length allows
for the selection of a single wavelength by setting the wavelength-dependent loss of the

laser cavity over the active medium’s gain bandwidth. The loss is set such that only
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one wavelength is selected over the laser’s gain profile and all other longitudinal modes
are suppressed. As seen in Figure 2.3 there are differences between the DFB and DBR
lasers. For a DFB laser, the grating is etched into the actively pumped region; whilst
for a DBR the grating is etched onto the ends of the active region and can be thought
to be analogous to the feedback mirrors found in traditional Fabry-Pérot laser cavities.
Although using a DBR gives the user the advantage of placing the feedback mechanism
outside the active region, thus making it more stable, it is more lossy than a DFB due
to optical absorption in the unpumped regions [2.1].

In the initial designs of DFBs the grating was placed in the light-generating part of
the laser diode, it was found that the reliability of these devices was extremely poor.
However, moving the grating structure into a passive part of the wave-guide greatly
improved the reliability of the device as the grating is not subject to the recombination
of carriers [2.1]. Wavelength selection is achieved by selecting a grating period, A such
that the Bragg condition is met. The wavelengths, Ap, selected by the Bragg filter is
given by the equation 2.1

A = 2n A (2.1)

Where n, is the effective refractive index and [ is the grating order. From equation
2.1 it can be seen that many wavelengths (or side-modes) can be selected as the order
of the grating, [, is increased. This leads to issues in terms of reducing the efficiency
of the laser as the side-modes will use some of the gain present in the active medium,
not at the desired wavelength. In addition it shows that the Ap can be actively tuned
by adjusting A. This can be achieved in two ways: The first and most common is to
thermally control the grating by using a TEC which is placed below the laser diode
and substrate. The second method which is applicable to DBRs only, is that the end
Bragg reflectors can be mechanically deformed to adjust their transmissive properties.
The tuning properties of these laser diodes allow for the constant de-tuning caused
by effects such as Doppler shift and thermal instability which caused by an always
changing thermal environment on-board the spacecraft, making this class of laser diode

an attractive choice.
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Another laser diode topology for wavelength tuning is that of a vertical cavity sur-
face emitting laser (VCSEL). This topology can be easily discounted as the technology
is not mature enough to provide heritage in high-reliability applications. Although, this
issue is currently being addressed by the research community for the 1.55 pm wave-
length [2.18] with some VCSELs already passing Telecordia test standards at 1.3 pm
[2.19]. Performance data on extended life time operation is presently not available
therefore these devices are not suitable due to a low qualification status at this time.

For coherent and narrowband communications, the phase noise and line width of
the source laser is of major importance as this adds unwanted noise at the receiver.
The line-width of a laser is inversely proportional to the length of the laser cavity [2.20]
and therefore an increase in the laser cavity will reduce the phase noise exhibited by
the source. For laser diodes this is achieved through the use of an external cavity
which can be either integrated into the laser wave-guide or completely external to the
chip. Recent development into external cavity laser diodes has produced commercially
available laser diodes with a line-width in the region of 15 kHz and a noise performance
similar to solid-state laser systems [2.21]-[2.23].

Although both DFBs and DBRs have been demonstrated to be tunable across the
C-band and have had use in telecommunications [2.24], the choice of which topology to
use for space optical communications is simple. As mentioned earlier, single wavelength
operation is needed so that the noise bandwidth can be reduced to as small as possible.
It is known that DFBs are known to have improved stability in single wavelength
operation [2.25] through the use of a longer cavity along with only one active tuning
element to control. In addition, most feedback lasers on the market are currently DFBs
thus making them an attractive choice for the development of laser transmitters due to
a lower cost and broader range of component models to choose from. Therefore DFBs
are the laser diode topology of choice when designing non-coherent optical links. For
coherent communications, using a laser diode with an external cavity would be suitable

due it’s inherent narrow line width.
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Diode Pumped Solid-State Lasers

The most common solid-state laser used in optical communications is based on a
Nd:YAG crystal. It uses the Nd*T ion as its active ion hosted in yttrium-aluminium-
garnet (Y3Al;045) crystal. The Nd*T ion is a four-level gain medium with it’s most
common transition emitting at a wavelength of 1064 nm [2.1]. Nd:YAG has previously
been selected for its’ good optical and thermal properties when compared to other solid-
state lasers. In addition Nd:YAG is radiation resistant to a degree but extra co-dopants
can be added to improve the radiation response of the crystal, for more information
on radiation effects see section 2.2.3. However, its main drawback is the sharp pump
absorption peaks which are present. This causes issues in pump diode selection as they
need to be stable over temperature and life [2.4]. Solid-state lasers rely on being opti-
cally pumped by laser diodes meaning that they cannot take advantage of the package
sizes of laser diodes and will be much bigger. Typically, because of this size differential
the cost of a Nd:YAG laser will be higher when compared to a laser diode.

As mentioned above the solid-state laser is larger than a laser diode. One of the
smallest ways in which to integrate a Nd:YAG crystal is through using non-planar
monolithic ring oscillator (NPRO) topology. This allows for a very compact laser as
the majority functional optics (e.g. A/2 wave-plate, polariser, & Faraday rotator)
used in the laser cavity are integrated into the geometry of the NPRO crystal [2.26].
An example of the NPRO geometry is shown in Figure 2.4. When a magnetic field
is present, the Nd:YAG crystal acts as a Faraday rotator, therefore the surfaces of
the facets inside the cavity act as wave-plates which in-turn achieves omni-directional
travel around the optical cavity. The coating used on the input/output facet provides
polarisation selection if needed.

Hermetically sealed NPRO lasers have already been demonstrated in-orbit and
gained a good level of space heritage, currently being used as the source laser in the
laser terminals in EDRS and other lasers developed by TESAT [2.4], [2.6], [2.27]-[2.29].
In addition these types of lasers are currently being used in remote sensing applica-
tions such as in the ICESat-2 mission [2.30]. A summary of one of the laser sources

developed by TESAT is shown in Table 2.4. In addition to these specifications it has
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Figure 2.4: A Non-Planar Ring Oscillator laser cavity. The pump light (808 nm) is
shown in purple and output light (1064 nm) shown in red.

Specification Value
Operational A 1064 nm
Continuous frequency tuning range 30 GHz
Output power 50 mW
Volume 20 x 25 x 18 mm
Mass 80 g

Table 2.4: Typical performance parameters of a space qualified Nd:YAG NPRO laser
developed by TESAT [2.27].

been previously reported that line-widths of 10 kHz have been achieved for this class
of laser [2.31]. The pump light is provided by using a 100 pm MM fiber and redundant
808 nm laser diodes which have been proven to have an excellent level of reliability.
The output of the NPRO laser is then coupled out of the NPRO cavity via a PM fiber
[2.27].

Trade-off Analysis of Diode Lasers & Diode Pumped Solid-State Lasers

As shown above solid-state NPRO technology provides a superior performance when
compared to diode lasers. However, recent research has shown that with an external
cavity laser diode technology can match or even better NPRO lasers at a wavelength of
1064 nm [2.22], [2.23]. When comparing the cost of the two laser technologies (in both
monetary and system terms) laser diodes are the preferable technology. As the size
and mass contribution of laser diode technology will be less than NPRO lasers, laser
diodes are the preferable technology as the LTXs produced as part of this project are

envisaged to be place on-board small- (< 50 kg) and micro- (< 10kg) satellites. In a
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commercial sense, the main market for this kind of LTX would be a high volume/low
price market. This would exclude NPRO lasers due to their high recurring cost. For
example, Numata et al. estimates a diode laser would cost approximately 10 times less

than a solid-state or bulk laser [2.23].

2.1.4 Modulation Technologies

To transmit information by continuous wave (CW) laser, data must be mixed onto the
carrier light. This is achieved through the process of optical modulation. There are two
major modulator schemes which are commonly used. These are: Directly Modulated
Lasers and External Modulation.

The modulation scheme chosen for the optical link influences the modulator choice
and only some modulator families can perform certain modulation techniques. Al-
though the polarisation and frequency of the light can be modulated to convey data,
the main method in which light is modulated is through amplitude and phase mod-
ulation. Optical modulators can be characterized by 5 key parameters [2.4]. These

are:

e Bandwidth;

Insertion loss;

Extinction ratio;

e Power consumption;

Optical power handling.

Direct Modulation

The easiest way to modulate data onto an optical carrier is through directly modulat-
ing the output power of the laser source. In most telecommunication systems this is
achieved by modulating the drive current feeding a laser diode. The laser diode drive
current is modulated by driving the laser diode at a bias current and then adding on

a ’data’ current level through the use of a bias-T. The bias-T works by adding a DC
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current, Ipc, by passing through the signal through a inductor (therefore blocking any
AC noise) and the AC signal, I4¢, is added through a resistor and capacitor. Care
must be taken to ensure that Ipc > Iac, as reverse biasing the laser diode will cause
irreparable damage to the device.

The modulation of the laser diode makes DMLs highly attractive for IM/DD ap-
plications, as a good extinction ratio is available if the laser diode is modulated near
threshold. Typical modulation schemes used by DMLs are OOK and pulse-position
modulation (PPM) and have been shown to be suitable for optical communications in
space [2.32]-]2.34]. The main disadvantage of DMLs is that the maximum modulation
bandwidth available for low-cost, high-reliability parts is limited. Although Winzer [2.2]
reports that some research demonstrations have reached data rates of up to 40 Gbits~!
most commercially available parts in the C-band have a maximum modulation band-
width of 12.5 GHz (see G&H AA0701/EM65X series). However, most contemporary
space optical communications using have data rates operating in the 1-10 Gbits™!
regime or lower [2.4], [2.6], [2.13]. Therefore using DMLs when developing DD LTXs
for data rates under 10 Gbits™! is a possibility as this will improve the SWaP and

reduce module cost.

External Modulation

When a higher data rate or coherent communications is required, the CW light exiting
the laser source must be externally modulated. For both coherent and DD optical
communications this is typically achieved through the use of a lithium niobate (LiNbO3)
modulator. Lithium niobate modulators work on the principle of the electro-optic effect.
By splitting the beam and applying a voltage across two electrodes the refractive index
of the crystal will change and therefore the phase of the light wave of one arm which
can then cause constructive or destructive interference when the beams are recombined.

For intensity modulated applications, a device known as a Mach-Zehnder modulator
(MZM) is used and a schematic of this device is shown in Figure 2.5 with the active
crystal shown in the hatched area. MZMs operate through the interference of two waves,

unlike direct modulation [2.35]. The incoming light is split into two paths with one arm
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Figure 2.5: Schematic of a Mach-Zehnder Modulator. Light travelling through the
device is shown in red.
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experiencing a phase delay (although it is common for both arms to experience this
through using phase modulators on both arms) determined by a voltage being applied
to the crystal. When the light exiting the device is set such that light is at a minimum,
the voltage across the crystal is set such that the phase offset between the two arms is
¢ = m at V. Therefore the two arms destructively interfere and an intensity minimum
exits the device, denoting an ’off’ state. When a maximum transmission is needed the
voltage across the crystal is set to zero, the two arms constructively interfere and lights
exits the device at an intensity maximum denoting an ’on’ state. However, there is a
loss of light through the device as some of the light will be absorbed by the LiNbO4
crystal.

In most modern communications systems, MZMs operated use phase modulators
on both arms and can be operated in one of two modes [2.1], [2.35]. The first mode
is that of Push-Push Operation where the applied voltage across both arms is equal.
This is typically used in applications where pure phase modulation is needed, i.e. co-
herent communications. The second mode is that of push-pull operation (also known as
balanced driving) [2.2] where the voltage across each arm has the same magnitude but
opposite polarity. This mode of operation is used when amplitude modulation is needed.
When operating in push-pull operation, the biasing voltage is set to Vpas = Vir/2, the
quadrature point. It is set at this point because it is easy to control by using either a
lock-in amplifier or RF pilot tone [2.36].

Commercially available devices developed for space applications show that modu-
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lation bandwidths of up to 20 Gbits~! are available [2.37], [2.38]. Terrestrial lithium
niobate devices have been shown to reach data rates up to 40 Gbits™! [2.35]. To in-
crease the terrestrial devices’ TRL, they could be investigated by passing them through
a qualification campaign to assess their suitability for space applications. However, cur-
rently the need for data rates higher than 10 Gbits™! is not prevalent enough [2.14],
[2.39], [2.40] therefore no research into qualifying higher speed devices is currently oc-
curring. These devices have already been assessed for operation in harsh terrestrial
environments (e.g. underwater/defence applications) [2.38] so the only outstanding
concern comes from the device’s radiation response. Research into the radiation re-
sponse has been completed by Thomes Jr. et al. and it shows that the performance of
the device does not degrade for a total ionising dose (TID) of up to 52 kRad [2.41].

So far in this discussion only lithium niobate has been considered as the material
to be used. However, another potential material is GaAs (gallium arsenide) which is
also shown to exhibit the electro-optic effect [2.42]. GaAs have been demonstrated to
operate with high modulation bandwidths since 1993 [2.43] and has even been demon-
strated at data rates up to 100 Gbaud [2.44], rivalling and improving on lithium niobate
technology. GaAs devices can be realised such that they can exhibit lower SWaP than
LiNbOj; devices as they are compatible with production on low-loss, low-cost substrates.
This makes GaAs devices highly attractive for small form factor, high data rate appli-
cations for both terrestrial and space-based applications.

One final material to mention is indium phosphide (InP). Although it is starting to
appear in integrated photonic devices for high speed applications [2.45]. InP devices

are still at a too low a TRL level to be considered for use in space.

Trade-Off Analysis of Modulation Technology

For low-data rate applications (less than 2.5 Gbits™!) using direct modulation is prefer-
able due to the simplicity offered. This allows for systems with lower SWaP and de-
velopmental effort. For small form-factor laser transmitters suitable for CubeSats and
other small satellites, direct modulation would be the preferred technology

When data rates exceed 2.5 Gbits~! external modulation becomes the dominant
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technology for two reasons. The first is that when at these data rates, external mod-
ulators offer a better extinction ratio. This is because as the modulation frequency
increases, the extinction ratio for directly modulated lasers decreases because of the
lasers’ relaxation oscillations [2.46], the amount of frequency chirp allowed in the sys-
tem and other practical electronic defects such as stray capacitance in the device.
Secondly for space systems, external modulation has already been extensively used in
terrestrial applications at higher data rates [2.2] and have been proven to operate in
a harsh environment when high-reliability is needed. This gives greater confidence in
developing a robust system suitable for the harsh environment of space when volume
and mass is not such a stringent requirement.

As discussed above the two main materials to be used in external modulators are
lithium niobate and GaAs. The main trade-off of these materials for space systems is
the current TRL of technology. As shown by Winzer and Essiambre [2.2], MZMs based
on lithium niobate have long be used in terrestrial systems for both commercial and
more specialist applications [2.41]. Consequently, lithium niobate already has flight
heritage [2.4], [2.38], [2.47]. Meanwhile GaAs modulator technology has not yet been
demonstrated in space, although the material has been used in other applications such
as in RF electronics [2.44]. Although research is active in developing GaAs modulators
for space [2.48], the current TRL is not currently sufficiently high to be considered for

use in this thesis.

2.1.5 Optical Amplifiers

master-oscillator power amplifier (MOPA) architectures require optical amplifiers to
increase the output to a suitable power level so it can be either transmitted or received.
As with traditional RF telecommunications amplifiers, optical amplifiers are designed
differently depending on the situation where they will be used in either the TX or RX
sub-system. In either a TX or RX sub-system it is typical for more than one amplifier

of differing types to be used. There are three main classes of optical amplifier:

1. low noise amplifiers (LNAs) — In RX sub-systems these are the first amplifier

in the chain and as such are designed to operate at very low input powers. The
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main aim of LNAs is to amplify the received signal to an intermediary power level

whilst adding as little noise as possible. i.e. Minimizing the noise figure (NF).

2. Booster amplifiers — These are used to increase a small signal input into a suitable
output power. This type of optical amplifier is designed such that it can provide
a good amount of gain whilst also providing a good level of noise management.

These are typically used in RXs after the LNA and as the pre-amplifier in TXs.

3. high power amplifiers (HPAs) — Used in TX subsystems to increase the output
power to Watt levels. These amplifiers are designed to provide as much gain as
possible. Noise performance is usually considered as a secondary design parame-

ter.

Each amplifier class has its own design difficulties which will become apparent
throughout this thesis and will be addressed when needed. Because as with any engi-
neering system, the design space is greatly influenced by the operational environment.

There are two main optical amplification technologies which can be used and com-
pared in Table 2.5. Although bulk crystal optical amplifiers have previously been con-
sidered by Hemmati for space systems [2.4]; for compact applications this type of optical
amplifier can be discarded due to concerns over it’s potential SWaP requirements. Both
SOAs and fiber amplifiers (typically based on either erbium or ytterbium) offer the op-
portunity of designing a compact system suitable for small- and micro-satellites and
comparison of the two technologies is shown in Table 2.5.

There is very little difference in the optical performance between either erbium-
doped fiber amplifiers (EDFAs) or SOAs, apart from the worse NF of SOAs. The main
differences lies in their impact on the overall system. EDFAs operate at a lower total
power consumptions than SOAs and power is a key performance parameter when being
used on board spacecraft where power generation is limited. This difference arises from
the need of a TEC needed to keep the device at an operational temperature, however
the electo-optical efficiency of the SOA without a TEC is quite high. Hemmati (section
4.2.2.2.1) [2.4] also lists other advantages of fiber amplifiers being the high-beam quality

exiting the amplifier, mechanical requirements, thermal requirements and redundancy
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Parameter Booster-EDFA SOA
Typical Output Power (dBm) > 15 > 13
Gain (dB) > 241 > 25
Noise Figure (dB) <6 <8
Max. Gain Variation (dB/nm) < 0.75 <0.1
Polarisation Dispersion (dB) <0.3 <0.5
Typical Size (mm) 45x70x12 30x12.5x12.5
Typical Power Consumption (W) <1 <5

! The maximum gain available is largely dependent on the application. As shown later, EDFA gain
is limited at higher output powers due to gain saturation.

Table 2.5: Comparison of comparative optical amplifier technologies [2.49]

implementation [2.4].

One other point to note is the TRL of each technology. Fiber amplifiers have already
a high level of TRL through previous development by Tesat [2.29] and G&H [2.50]—
[2.52]. However, SOAs are yet to be proven in a space environment and little thought
has been put into using SOAs in space application when compared to fiber amplifiers
[2.4].

Therefore, in conclusion fiber amplifiers are the technology of choice for optical
amplification. Although using SOAs offer the opportunity of making more compact

transmitters, the current TRL of the technology makes it unsuitable for this project.

Rare-Earth Doped Fiber Amplifiers

Optical amplification in fibers is achieved by co-doping the glass with a rare earth
metal. Depending on the operational wavelength, the co-dopant used will change on
the specific use, much like conventional bulk lasers. For operation at 1064 nm the active
element is the Yb** ion (ytterbium-doped fiber amplifier (YDFA)). Whilst for operation
in the C-band the active element is the Er*T ion (erbium-doped fiber amplifier (EDFA)).
For high power operation over the C-band a co-doped fiber of both Yb*" and Er’" is
used. This is known as a erbium-ytterbium doped fiber amplifier (EYDFA). Shown in

Figure 2.6 are the energy-level diagrams for both the Yb*" and Er®T ions, showing the
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lasing mechanisms used for the amplification of light at both 1064 nm [2.53] and the
C-band [2.54]. Although other lasing transitions are available within these systems the
transitions shown are most commonly used due to their high transition cross-sections.
As in this thesis only EDFAs and EYDFAs will be developed, discussion on YDFAs

and their lasing transitions will be kept to a minimum.
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Figure 2.6: FEnergy level diagrams for the active elements commonly used in fiber
amplifiers: (a) Yb*™ and (b) Er®T [2.53], [2.54]. Note: The gaps between energy levels

are not to scale.

Optical amplifiers dependent on the Yb3" lasing transition for operation at 1064 nm
or at high power over the C-band depend only on two energy levels, 2F5 /2 and 2F7 /25
which split into three and four sub-levels respectively. Typically these sub-levels are
not resolved for Yb3+ ions in a glass matrix at normal operation temperatures due to
level broadening (homogeneous and inhomogeneous). The impact of this broadening
means that a large amount of wavelengths can be used for both the signal and pump
wavelength. Primarily this impacts the laser dynamics by providing two windows for
the pump wavelength: one centred on 976 nm as a sharp peak and a broader although
less efficient window at 875 to 950 nm with a peak at 915 nm [2.53].

EDFAs can be co-doped with other rare metals to influence the lasing properties.
The most common pairing for erbium is with ytterbium. The process on which this

relies is sensitized fluorescence, in which the ytterbium ion acts as an energy donor to
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a nearby erbium ion [2.54], [2.55]. This process is made possible by the 2Fy /2 level of
the Yb®T ion being in close resonance with the 4I;; /2 level of the Er®" ion [2.55]. This
allows for the energy which is absorbed by the pumping of an Yb*' ion able to be
transferred efficiently to an Er®T ion which can then be stimulated to emit light.

Typically a pump wavelength of 940 nm is used for EYDFAs for three reasons:
pump laser diode stability due to environmental changes, reliability in operation and
availability of components. The first reason is a trade-off between the much more
efficient absorption peak at 976 nm versus the wavelength stability of the laser diode.
As the 976 this is counteracted with temperature control of the laser diode through
the use of a TEC. This lowers the overall wall-plug efficiency of the amplifier due to
the power draw of the TEC. Although using a pump wavelength of 976 nm is optically
more efficient due to a high quantum efficiency, this is not always the case due to the
wall-plug efficiency and if a TEC is used.

The second reason is due to the reliability of the laser diode and it’s resilience to
the creation of dark-line defects, a major failure mechanism. For devices which operate
at a longer wavelength they do not reach the activation energy needed to create the
point defects which cause the creation of dark line defects [2.56], [2.57]. Historically,
the telecommunications industry has chosen 976 nm as a pump wavelength and that
become standard throughout the industry due to cost. However at the time high power
MM laser diodes were hard to come by due them not being able to lock to 976 nm via
a fiber-Bragg grating. Therefore more reliable MM high-power laser diodes have been
developed at 940 nm then at 976 nm such that the pump laser market for high-power
EYDFAs could be addressed.

The final and most important reason is a consequence of the previous point. The
component availability of 940 nm high power laser diodes is quite high when compared
to other wavelengths. Another benefit of 940 nm laser diode technology becoming
dominant in the telecommunications industry is that they were developed for high-
reliability applications. This previous work in reliability studies can be leveraged into
space application where heritage is a key design parameter. Leveraging high-reliability

components developed by the telecommunications industry is a key theme throughout
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Inner Cladding

Core

Figure 2.7: Structure of a core-centred double-clad fiber.

this thesis and this can be seen in later chapters.

For high output power applications (> 1W), a double clad fiber structure is typically
used and is shown in Figure 2.7. This differs from standard fiber by the use of an
additional cladding layer in which the pump light is guided overlapping the core where
the signal is guided. This is beneficial for high power applications for three reasons.
The first is that a large cladding area allows for a multi-modal structure in which the
capture angle for the pump light is increased; in turn the amount of pump power can
be increased through improved coupling efficiency to a laser diode. Secondly, the use
of a cladding structure improves the surface-area to volume ratio which improves the
thermal management of the fiber even if pump powers are scaled to the kW level [2.58].
In addition, the use of a larger surface area increases the threshold at which optical
damage and unwanted non-linear effects such as stimulated Brillouin scattering (SBS)
(a major output power limiter in narrow line-width systems) becomes apparent along
with avoiding the dielectric breakdown of the material through the use of a larger area,
thus increasing the maximum pump power level. Finally, the use of a multi-mode
(MM) pump guide structure allows for the use of higher power laser diodes which only
operate in a MM fashion. However, the only drawback of using cladding pumped fiber
is a reduction of the pumping efficiency as a consequence of the fact that not all of the
fiber is being inverted, thus causing signal re-absorption in a three-level system (e.g.
in YDFAs/EYDFAs). The engineering impact of this is that longer Yb-doped fiber
lengths are needed which increases the amplifier’s susceptibility to SBS.

For optical amplification over the C-band an EDFA is used. Originally reported on
in 1987 [2.59], [2.60] for use in the telecommunications industry, EDFAs depend on the
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Er®" ion with energy levels split ranging from 415/2 to 2P3/2 as shown in Figure 2.6 (b).
Although the optical transitions and properties of EDFA’s have been studied in great
detail in the past [2.54], [2.61] there are three main optical transitions.

The first key and main pump transition is that of 4115 /2 to 4113 /2 which corresponds
to a wavelength of 980 nm and is known as the ground state absorption transition.
The ions excited to the Ty, /2 then relax to the 4113 /2 level through multi-phonon, non-
radiative decay when hosted in a oxide (e.g. SiO,) matrix [2.61]. Although pumping
to the 4111 /2 1s possible at 1480 nm through in-band pumping, the absorption of this
wavelength is slightly less than at 980 nm [2.54], [2.62]. The selection of 980 nm as a
pump wavelength for EDFAs has led to the development of many high-reliability laser
diodes, leading to a wide range of components becoming available. Therefore 980 nm
is the chosen pump wavelength because a larger number of commercially available,
high-reliability components along with the option of scaling to higher output powers.

The lasing transition of interest is from 4113 /2 to 4115 /2 which is centred on 1530-1540
nm. To amplify signals across the whole C-band, homogeneous and inhomogeneous
broadening assist in providing a large gain bandwidth. The main causes of this are the
temperature of the EDFA, phonon interaction in the glass and the Stark effect which
arises from the local electric field present in the host matrix around the ion [2.54]. One
other important factor which affects the wavelength dependence on the emission cross-
section of this transition is the co-dopant (e.g. Al,O5, GeO, or P,O5) used in the glass
matrix to increase the Er®" concentration [2.54], [2.61]. As shown later, the choice of
co-dopant is a key parameter when designing radiation hardened EDFAs. Ions excited
to the 4113 /2 level can also randomly decay without any stimulation to the ground state.
This process is known as spontaneous emission and is the main source of noise in fiber
amplifiers. This spontaneously emitted light can then be amplified through stimulated
emission in the process described above. This light is known as amplified spontaneous
emission (ASE) and is known to limit both the gain and noise performance of optical
amplifiers. This is due to the amplified spontaneous emission (ASE) light extracting
some of the gain which could possibly be used to amplify the signal. As this noise is

amplified through the system, this raises the noise of the EDFA and thus degrades the
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signal-to-noise ratio (SNR).

The final process of interest is the transition from 483 /2 to 4115 /2. This process
arises from multi-photon absorption in which the 4113 /2 level is excited by an extra
pump photon to the 4F7/2 level and then decays non-radiatively to the 4S3 /2 level
[2.61]. From this level the ion can relax to the ground state emitting visible green light
at 550nm resulting in the characteristic green light of EDFAs.

EDFAs do not suffer from photodarkening like YDFAs do, however they do suf-
fer from photodarkening induced by gamma radiation (known as radiation induced
attenuation (RIA)). As this effect is extremely important to this thesis, it is covered
specifically in Section 2.2.3.

At a wavelength of 980 nm the Yb®T ion has a cross-section approximately 10 times
greater than the Er*t ion [2.55]. This leads to a higher pump absorption per unit length
and is more power efficient when compared to pure EDFAs. This paves the way for
a more efficient high power optical amplifier to be used over the C-band [2.53], [2.54],
[2.61]. In practice this increased power efficiency and gain per unit length leads to
shorter devices which helps in terms of creating compact systems. In addition because
of the reduced device length, non-linear effects such as SBS become less of an issue.
Therefore for a high output power, P,,; >= 500 mW, over the C-band a co-doped fiber
EYDFA should be used.

Performance Characteristics of Fiber Amplifiers

Designing a communication system containing optical amplifiers requires effect models
that describe the amplifier operation. Amplifiers are describes using three main figures
of merit: The Gain and noise figure (NF), both which are commonly expressed in dB,
and Pgat, the maximum power that the amplifier can deliver (usually defined as the
point as which the gain is reduced by 3 dB). The gain of an amplifier is defined as
a ratio of the output power, P,, to input power, P;,. Gain is commonly defined to
also normalise the output power for ASE by subtracting the ASE power Psgg from
the signal power. The definition of gain in units of dB is given in Equation 2.2, with

output powers expressed linearly.
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G(\) = 101logy <P0m()\) _ PASE()\))

POV [dB] (2.2)

A figure of merit for the noise performance of an optical amplifier is either output
SNR or noise figure (NF), both of which are interrelated. The definition of NF has
previously been a topic of much debate within the optical amplifier research community
with many definitions not being consistent as definitions of NF define the parameter in
such a way that it can be difficult measure easily [2.63]-[2.65]. However work by the
telecommunications industry has led to many different methods of measuring the NF

of an optical system [2.65]. Noise figure is traditionally defined as the ratio of input
SNR to output SNR at a specific wavelength [2.66]. i.e.

NF(\) = 10log;, < SNRin(A) )

SNRyu(N) [dB] (2.3)

To redefine Equation 2.3 in terms of measurable parameters, a derivation of Equa-
tion 2.4 is needed. This derivation is shown in Appendix C and the result of which is
given in Equation 2.4 using the source-subtraction method and assuming a shot-noise

limited system.

GhcAXN G hcAX [4B] (24)

PaspX® 1 Pggp)®
NF(A)lelogm( ASE _ 255E )

Where Pagg is the output ASE power, Psgg is the source spontaneous emission
power (source noise level), G is the amplifier’s gain (in linear form), h is Planck’s
constant, A\ is the signal wavelength, c is the speed of light and A\ is the optical
spectrum analyser (OSA) bandwidth (for EDFA measurements this ranges from 0.1 —
0.5 nm).

Although there are more precise and accurate ways to measure NF, such as the
time-domain extinction (TDE) method®. The choice of source-subtraction allows for
quick and easy measurements which in turn allows for faster system development which

is needed in this project.

3The TDE method is more accurate due to it suppressing more Pssg than source-subtraction. This
is achieved by pulsing the signal off and measuring the ASE before the amplifier recovers to a new
steady state.
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Influence of Pump Light Direction

It is well known that the direction of pump light greatly affects the NF and gain
performance of an amplifier. For NF this arises from the absorption of pump light and
the generation of ASE along the fiber. Desurvire (p. 113-114) [2.54] provides a good
explanation of this effect by showing that for fiber amplifiers in which the pump light
decreases over length (noise density increases due to ASE generation), that in terms
of noise generation (and therefore NF) co-propagating pump light provides a better
performance than counter-propagating light. This is achieved by describing the fiber
amplifier as a system of cascaded infinitesimally small amplifiers which have different
levels of medium inversion.

The pay-off of having a higher NF in a counter-pumped amplifier over a co-pumped
amplifier is that a higher gain can be extracted from the fiber when operating at a
fixed input power and pump power. For counter-pumped amplifiers this arises from
the fact that at the exit of the fiber, the ions are inverted meaning that the signal
is being amplified all the way to the exit and no signal re-absorption occurs; thus
increasing efficiency. For co-pumped amplifiers this may not be the case and the signal
can undergo re-absorption in the later parts of the fiber amplifier.

The two effects described above depend on the ion inversion profile along the fiber
amplifier. For a saturated amplifier (i.e. all ions present in the fiber are inverted and no
more gain can be extracted) the difference between co-pumping and counter-pumping
becomes less pronounced [2.54]. Thus for operation in which the optical amplifier needs
to operate with a good level of gain and NF, a homogeneous level of inversion, provides
the best pay-off in performance between gain and NF. This is best achieved through
bi-directionally pumping the amplifier in which pump light is injected from both ends of
the amplifier. Bi-directional pumping is more efficient than pumping from one direction

as this allows for easy inversion along the whole length of the fiber.

Influence of wavelength

As shown above in Equation 2.2 and 2.3, both gain and NF are dependent on wave-

length. This is due to both the inhomogeneous absorption and emission cross-section
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profiles of the active ions. The emission and absorption profiles for both EDFAs [2.54],
[2.61] and YDFAs [2.53] are well known as they are key to the operation of fiber am-
plifiers when used in dense WDM configurations in high-speed communications. The
wavelength dependence of gain and NF will become evident later on in this thesis and

will not be discussed further.

2.1.6 Integrated Photonics

With the advent of photonic integrated components (PIC) in recent times offering more
compact and efficient photonic systems, they must be suitably assessed for use in the
next generation of space optical communications systems. As shown earlier on in this
section and later in Section 2.3, most current baseline designs operate on either bulk
lasers and more recently fiber optics but the benefits that PICs offer cannot be ignored.
Integrated photonics offer improvements in areas such as more compact and efficient
systems through the inherently smaller packaging. For space-specific applications PICs
can offer a high level of resilience against the operational environment due to the
compact design and materials used [2.67].

Although there has been significant recent advances in integrated photonics through
improvements of fabrication and packaging processes [2.67], there are still improvements
to be made in terms of commercial availability. Current disadvantages of PICs include
the lack of low-loss, hermetic packaging, power dissipation (both electrical and optical),
the need for tight thermal control and therefore a need for a TEC decreases overall
efficiency and more specific for the space environment, integration of components using
low-outgassing materials and range of operational/survival temperatures [2.67].

One example of this is the recent research in miniaturising key components of laser
transmitters. Recent research into developing transmitters has been completed in the
USA but with limited success in terms of generating BER curves [2.68] due to excess
noise. Another example is the exciting developments in miniaturising lithium niobate
MZMs [2.69]. This research shows clear improvements in using integrated photonics
by providing a low loss, miniature device which can be easily interfaced to by using

CMOS components.
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Both of these exciting pieces of research show that although there is the potential
for the use of these components in the space environment, their current TRL makes
it problematic to use at the moment as they are currently have a TRL of 1-3. As the
modules developed in will be at a TRL of 5-7, PIC devices are not currently suitable to
be used in this project. However, it should be noted that a big shift in space photonics

is near as the TRL of PIC are raised and the benefits they bring are realised.

2.1.7 Trade-Off Summary

Shown in Table 2.6 is a summary of the key technological trade-offs discussed, high-
lighting the key technologies to be used in the development of the laser transmitters
developed in this project. This is the result of the earlier discussion of the trade-offs
given in Table 2.1 and now sets the technological baseline for the space laser transmit-

ters to be developed as part of this project.

System Parameter

Chosen Option

Comments

Detection Dependent of link Also dependent on overall LTX
Architecture requirements SWaP requirements.
1550 nm can leverage high-rel
Operational telecommunications components.
1 f 1
Wavelength 550 nm preferable Also dependent on EDRS/ground

segment compatibility.

Laser Source

DFB for DD &
external cavity diode
laser for CD

Laser diodes offer smaller packages
& can leverage heritage high-rel
telecomms components.

Modulation Method

Dependent of data
rate

For data rates > 10Gbit s~ use
external modulation

Amplification Method

Fiber Amplifier

EDFA TRL is high, no TEC is
needed.

Integration level

Don’t use PICs

PIC TRL is too low.

Table 2.6: Summary of key space laser transmitter design trade-offs.
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2.2 Damage Mechanisms of Fiber Optic Components in

the Space Environment

Now that a technological baseline has been established for the development of space
laser transmitters, the operational environment must be considered. This poses a major
challenge not just to the optics inside the laser transmitter but to the whole satellite.

The aim of this section is to provide an introduction to the space environment and
the challenges it poses in the design of space laser transmitters. The key damage mech-
anisms which degrade the performance of the components identified in Section 2.1 will
also be surveyed along with techniques for providing mitigation against the operational

environment.

2.2.1 The Space Environment

For many engineering systems, the Earth can be a highly protective place to operate
when compared to the space environment. However, space-based optical systems are
unique due to the design challenges posed by the potential operating environment.
Therefore, when transferring terrestrial technology to the space domain large design
modifications are required to provide a reliable and efficient system. The space envi-
ronment can be broadly split into three themes in which the system will be operating.

These are:

e The pre-launch environment - This is important during assembly, integration and
testing (AIT) such that the system can operate reliably and avoid any issues due

to contamination.

e The launch environment - This environment poses the greatest challenge to the

device’s mechanical parameters through high levels of shock and vibration.

e The in-orbit environment - This is the environment in which the spacecraft will
spend a large majority of its lifetime. Reliability is a key parameter here as it is

very unusual for a satellite to be serviced in-orbit?.

“However, in-orbit servicing is possible. Most famously the Hubble Space Telescope has been serviced
four separate times in-orbit.
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Pre-Launch Environment

The pre-launch environment concerns the assembly, integration and testing (AIT) phase
of the spacecraft’s life cycle. To ensure the optimal performance of electronic, elec-
tromechanical and most importantly optical systems; manufacturing facilities must be
kept as clean as possible so that any contamination which can affect performance or
reliability can be avoided.

For electronic systems it is well known that a clean room of at least class 10,000
(less than 10,000 particles with diameter greater than 0.5 pm per cubic ft) is needed
to provide a ’clean’ environment [2.5], [2.70]. For fiber-optic components this clean
environment already exists due to high-reliability requirements. A clean environment
is needed as this greatly increases the reliability of any fiber optic component where
the glass core or cladding is exposed (e.g. during splicing). Any dust that is present on
the bare fiber can cause the coupling of light out the fiber or cause issues in fiber optic
splices, where any dust can cause a loss and in turn can burn or reduce the mechanical
strength of the fiber.

Another important pre-launch environmental issue is that of storage. Because of
the length of time it can take to integrate a whole spacecraft, it might be necessary to
store certain subsystems for many months or years before launch. Therefore, to avoid
degradation of any components, Fortescue et al. recommends that tight environmental
controls are needed [2.5]. This can usually be achieved by controlling storage room

properties such as temperature and humidity.

Launch Environment

Currently the only way to reach orbit is via a multi-stage rocket and although research
is currently ongoing to develop a single-stage-to-orbit system, it is still many years away
from completion [2.71]. Although rockets are well known for the acoustic noise during
launch, other mechanical stresses are present such as high levels of shock and vibration.
Other environmental conditions such as thermal gradients and de-pressurisation are
present. Although literature [2.5], [2.70] provides rough values for these environments,

the conditions observed during launch will be unique due to variance of launcher and

39



Chapter 2. Introduction to Laser Communications for Satellites

payload mass. The best source for launch conditions are the launcher user manuals
which provide specific values for spacecraft designers to use.

The sources of vibrational energies come in a variety of sources but mostly consist
of launch vehicle acceleration and aerodynamic buffering as the launch vehicle moves
up through the atmosphere [2.5], [2.70]. Two peak vibration levels occur during launch.
The first peak occurs at lift off where the noise and vibrational energy generated by
the rocket motors and the exhaust gases released by the motors reaches it’s peak. The
second peak occurs when the vehicle passes into super sonic flight in which the launch
vehicle is stimulated by the irregular airflow around the nose of the vehicle. At this
point it is known for peak levels to reach slightly above 10~ g2/Hz [2.70].

Static loading to the launch vehicle payloads occur due to the constant acceleration
of the rocket moving through the atmosphere. The loads experienced by the spacecraft
during launch depends on the kind of launcher used. For launchers which have a
low payload mass, the peak loads exhibited are generally greater due to short motor
firing times. For Ariane launches (one of the main launchers used by ESA), the loads
experienced can reach above 4.55 go® [2.72].

Mechanical shocks can occur when latches are opened, pyrotechnic bolts are fired,
when motors are fired, or when vehicle separation occurs during landing or docking.
These events are characterised by high acceleration loads lasting a few milliseconds
which translates to a characteristic frequency spectrum of high frequency components.
For example, one of the largest of these shocks can be found in the Ariane 5 launcher
where the peak level occurs at above 3 kHz where the design requirement is that the
spacecraft survives a shock at 10% gg [2.72].

The thermal environment observed during launch is mainly determined by the tem-
perature reached by the nose of the spacecraft being heated up due to aerodynamic
frictional heating. This is largely dependent on the specific heat capacity of the shroud’s
material and the payload within the vehicle experiences a temperature rise due to ra-
diative and conductive heat transfer between the nose of the vehicle and the payload,

but is usually of no concern.

5go, acceleration due to gravity
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As the launch vehicle ascends through the atmosphere, the ambient pressure declines
during launch. The rate by which the pressure drops within the launcher is largely
dominated by the venting of the launcher which can be fixed by including venting ports
to the launcher structure. For example, the Ariane launcher de-pressurisation rate is
10% kPas™! [2.5]. Both venting of the spacecraft structure and of electrical housing is
generally required to avoid unwanted static loads due to pressure differentials.

As discussed previously the main impact this has on space optical systems is on
the opto-mechanical design. This can manifest itself in fiber optic systems in both the
module, through design of support structures, and on a component level where the
construction of the device is important. One example on a device level is that of free-
space optical alignment in laser diodes and fiber-optic isolators utilising micro-optics as
any perturbation of the optical path can lead to unit failure. Therefore, these devices

must be qualified to a suitable level before launch.

In-Orbit Environment

The in-orbit environment is the place where the spacecraft will spend all of it’s opera-
tional lifetime and is highly influential in determining the design of the spacecraft and
its’ subsystems. The space environment is known to be a very hostile place to operate a
system and must be engineered to make sure that these problems are overcome. These

design challenges can be broadly broken up into five themes:

e The thermal environment;

The vacuum environment;

e The microgravity environment;

The upper atmospheric environment;

The radiation environment.

For space-based fiber-optic systems the main challenges faced come from the ra-
diation environment and the thermal environment. For more comprehensive reviews

of the space environment, the author points the reader towards Fortescue et al. [2.5]
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White Paint Black Paint Electroplated Gold

Surface finish a=0.15 a=0.9 a=0.25

e=20.9 e=0.9 e =0.04
No eclipse -61 °C +20 °C +176 °C
Maximum eclipse -70 °C -2°C +138 °C

Table 2.7: Equilibrium temperatures for a spacecraft operating at LEO with different
surface finishes. From: [2.5]

and Wertz & Larson [2.70]. For a more specific review on the radiation environment
Holmes-Siedle & Adams [2.73] offers a far-reaching review.

Space is well known for being a vacuum and very cold, thus proving a challenging
thermal environment. Surfaces are typically characterised by their absorbance, «, and
emittance, e. Table 2.7 shows typical system equilibrium temperatures for spacecraft
operating at low Earth orbit (LEO) with different surface finishes showing the large
thermal fluctuations that a system will need to survive. From this it can be seen that
good thermal control over optical systems is needed otherwise they will be susceptible
to damage through thermal stress or the expansion/contraction of the optical media as
temperature is varied.

Optical components which are at risk for fiber optic systems are laser diodes due to
their delicate facet coatings on the end of the laser cavity. Large thermal fluctuations
can lead to thermal shock and progressive reduction of the output power through a
degrading output facet. Other important issues in laser diode stability is that changes in
the temperature can lead to junction fluctuations which can cause reliability issues both
electrically and optically through wavelength changes. Temperature changes can also
effect the alignment of free-space optical components (e.g. in optical isolators) adding
an unwanted additional temperature dependent loss to the device. In addition, through
expansion and contraction of opto-mechanics, the properties of fiber optic components
can change or mechanically stress bonds. i.e. coupling ratio in fiber couplers.

The vacuum of space poses design challenges in designing the thermal path of com-
ponents, due to the loss of convection to transport heat; but more specifically for optical

systems, avoiding contamination due to out-gassing. This poses a problem when bulk
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optics is used as contamination can cause aberrations in telescope optics which can then
greatly degrade performance. Typically the ambient pressure at spacecraft altitudes
ranges between 100~'! — 10715 Pa which causes sublimation when the vaporisation
pressure of the material is reached. Thin plastic layers and organic materials are typ-
ically sensitive to out-gassing [2.5] which are quite common in the use of fiber-optics
e.g. Acrylate is used as the main buffer material of optical fiber. However, out-gassing
is not typically a concern as the amount of volatile material is quite low (even with a
large amount of fiber present) and the venting of volatile materials can be controlled
via providing a venting hole on the equipment which is pointing away from sensitive
equipment.

The radiation environment plays a key role in the design of a spacecraft as without
proper design a lot of unnecessary weight will be added as metallic shielding. The
radiation environment is known to produce many affects on space systems which must
be countered to ensure good reliability of the spacecraft and any subsystems. These
affects are well known and are surveyed greatly in literature [2.5], [2.70], [2.73]. These
damage mechanisms and consequences are discussed later in Section 2.2.2 and 2.2.3.

Only the LEO environment will be discussed as the LTXs designed as part of this
thesis will mostly be deployed at this altitude. However, components and modules can
be tested with harsher conditions to simulate higher altitudes e.g. GEO.

Non-ionizing radiation is of no concern when developing spacecraft due to the ease
of which it can be shielded from [2.5], [2.74]. Ionizing radiation however is of greater
concern as shielding will only provide a certain level of protection before diminishing
returns take hold. There are three main sources of ionizing radiation at LEO: The Van
Allen belts, the Sun and galactic cosmic rays (GCRs).

The Van Allen radiation belts contain highly energetic particles and exist at various
altitudes. Shown in Figure 2.8 are the radiation measurements made by Pioneer 3 in
1959 [2.75]. Although these are rough measurements it clearly shows the structure of
the two Van Allen belts and at what altitudes they exist at. The inner belt is typically
characterised by large amounts of high energy protons being present [2.76]. These

protons have energies that range between 0.01 — 400 MeV with fluxes of =~ 100 — 600
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Radiation Belts
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Figure 2.8: Radiation measurements made upon Pioneer 3, showing the structure of
the Van Allen belts. From: [2.75]

em?s~1 [2.5].

The Sun contributes to the radiation environment in three ways: the solar wind,
coronal mass ejections (CMEs) and solar flares. The solar wind is a stream of constant
energetic particles originating from the Sun’s surface (slow solar wind) or from coronal
holes (fast solar wind) [2.77] and carry an energy of ~ 100 keV and have a flux of
< 10'2cm?s~! [2.73]. For spacecraft which orbit around planets which exhibit a strong
magnetic field (Earth, Jupiter, Saturn etc...) and are at an altitude to be within the
magnetosphere of the planet i.e. LEQO, the effects of the solar wind can only be felt
at the magnetic poles. This is because a lot of energetic particles are streamed to the
poles due to the structure of a planet’s magnetic field being approximately a dipole
field in shape.

A coronal mass ejection is a large amount of energetic plasma is released into the
solar wind when a magnetic field and a large amount of plasma erupts from the Sun’s
corona. It can contain a mass of plasma slightly larger than 10'3 kg and can achieve

velocities to the order of thousands of kms™!.

However, a typical CME has a mass
of around 10'' — 10'? kg and travels at a speed between 400 — 1000 kms~! [2.78].
CMEs consist of a mixture of helium ions and high oxidation states of oxygen as well
as heavier metals such as iron as well as cooler ions of magnesium and neon [2.79],

[2.80]. Because of the high energy of these particles, spacecraft electronics may suffer

severe degradation or failure (e.g. memory corruption), there must be proper shielding
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or mitigation to avoid these effects.

The last solar event is a solar flare. A solar flare occurs when a bright flash of light
is observed on the Sun’s surface and a large amount of energy is released. It might be
inferred that a CME might follow a solar flare, especially a large solar flare, but this
is not always the case [2.81]. A solar flare ejects energy mostly in the x-ray region of
the electromagnetic spectrum and emit charged particles such as electrons, protons and
ions into interstellar space [2.81]. It also takes approximately one to three days for the
particles released by a solar flare to reach the Earth and then start to interact with the
geomagnetic field. Upon interaction with the geomagnetic field, the solar flare starts to
warp the geomagnetic field which can put spacecraft lying at GEO in polar and highly
inclined orbits at risk as the spacecraft will be subject to a unusually high radiation
dose.

GCRs are defined by Fortescue et al. to be high energy radiation rays that propa-
gate through space that is occupied by low-density matter [2.5]. Although the origins
of GCRs are still well debated in literature [2.82]; the current consensus is that they
originate from neutral pion decay within supernovae with each supernova releasing
approximately 10% J [2.83]. GCRs consist of approximately 83% protons, 13% a-
particles, 3% electrons and then a small abundance of heavier ions (1%) [2.5]. Primary
cosmic rays are GCRs which are directly incident upon the Earth and are therefore
the most important rays to think about in terms of space system design. When trav-
elling towards Earth, GCRs interact with the stellar medium it is travelling through,
causing GCR fragmentation. This means that the abundance of higher energy nuclei
is decreased and the abundance of lower energy nuclei is increased. This causes the
detected fluxes to vary (especially the lower energy regions), modulated by the solar-
cycle [2.70] and decreasing by 40% in sharp drops occurring at solar maximum [2.5].
Therefore in terms of the impact that GCRs have upon space systems; GCRs add to
the background radiation but can also cause some problems with single strikes. GCR
strikes are known to cause problems with electronics [2.5], [2.70] but this typically will
only be a problem for spacecraft in a high altitude or inclined orbit (i.e. at GEO or

polar orbit).
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2.2.2 Damage Mechanisms due to Displacement Damage

When highly energetic particles travel through a pure semi-conductor material, the
semi-conductor can become damaged by displacing atoms from the semi-conductor’s
lattice [2.74]. Through the wide use of electronics in harsh radiation environments
such as in the space environment or in the nuclear industry, the effects of radiation on
silicon electronics is well known [2.5], [2.73], [2.74]. Although a short introduction to
the mechanism behind displacement damage is presented here, for more information
the author points the reader towards the textbooks by Holmes-Siedle & Adams [2.73],
Fortescue et al. [2.5] and Larson & Wertz [2.70] and short course presented by the
IEEE [2.74].

Displacement damage occurs when a highly energetic particle collides or primary
recoil atoms collide with atoms in the target material’s lattice. This causes the forma-
tion of a Frenkel Pair (the displaced atom and lattice vacancy) [2.73], [2.74]. With the
formation of Frenkel pairs, this introduces unwanted energy states in the band gap of
the material which in turn can lead to changes in both the mechanical and electrical
performance of devices. In summary, displacement damage is known to contribute to-
wards degradation of performance in transistors, electronic memory and opto-electronic
devices where the light-to-current ratios are important [2.74], [2.84].

Previous work by Dale et al. [2.85] has shown that for energies less than 1000 MeV
protons are the dominant particle in causing displacement damage as protons exhibit
the highest non-ionizing energy loss (NIEL) for these energies. As protons are the
dominant energetic particle at LEQO, it can be hard to distinguish displacement damage
from ionizing damage [2.5]. Displacement damage of opto-electronic components must
be considered as they are integral to the laser transmitters developed in this thesis.

As discussed earlier the main threat that displacement damage poses is in the cre-
ation of Frenkel pairs which generate allowed energy levels in the material’s band-gap.
Opto-electronic components which are used in laser transmitters are all based on diodes.
Diodes are classified as minority carrier devices and it is known that displacement dam-
age can effect these devices through the creation of bulk traps in the lattice. Bulk traps

are known to reduce carrier lifetimes and therefore increase carrier recombination across
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the p-n junction.

For laser diodes and LEDs, an increase in carrier recombination will lead to lower
efficiencies in light generation as different energy levels can now be accessed to cross the
band gap of the material. This would reduce the electrical-to-optical (E/O) efficiency
and increase in threshold current of a laser diode which is shown in literature [2.86].
Previous work by G&H has shown the levels of damage that laser diodes see through
proton bombardment. For a 60 MeV fluence of 10!? p/cm?, a proton fluence shown at
LEO, for non-PM pumps there was no degradation in output power and a negligible
increase in threshold current [2.87]. For high-power MM pumps a degradation of 50
mW (2.3%, within measurement error) was observed at a pump current of 3 A and
same proton fluence [2.87]. Thus showing that for space applications that these laser
diodes (and therefore many more through qualification by similarity) are resistant to
displacement damage caused by protons.

For photodiodes literature suggests that an increase in dark current and decrease
in photo-sensitivity will be present after proton irradiation [2.88]-[2.90]. This is due
to the same mechanism described above in which Frenkel pairs inhibit the movement
of carriers across the p-n junction. Literature has shown that a large increase in dark
current is observed although it is from pA to nA [2.91]-[2.93]. In some cases a large
decrease of 25%-40% is seen in the E-O efficiency of the back facet monitor (BFM) in
both single-mode (SM) and MM laser diode packages [2.92] and PIN photodiodes [2.93]
but is not present in other work [2.91]. This would suggest the photodiodes being used
by Gonthier et al. are being saturated or there are other effects present in the system
effecting the results (i.e. single event effects impacting drive electronics).

One caveat about the studies described above [2.86], [2.88], [2.89], [2.91]-[2.93] is
that they cannot distinguish between the damage caused by ionizing and non-ionizing
radiation (displacement damage). Therefore, damage due to ionizing radiation cannot
be ignored and is discussed in Section 2.2.3. However, through recognising that these
devices are p-n junctions, they are analogous to both diodes and transistors and the
damage to this component class is well known for both displacement damage [2.74],

[2.84] and ionizing radiation [2.5], [2.70], [2.74].
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2.2.3 Damage Mechanisms due to Total Ionising Dose

Damage through the ionisation of a material is achieved via bombardment by high
energy protons, electrons and photons. Although interactions with photons are not of
a concern, the space environment consists of highly energetic protons and electrons [2.5],
[2.84]. However, when characterising ionisation damage it is typical for laboratories to

use vy-ray sources. 7y-rays interact with matter in one of three ways [2.74]:

e The Photoelectric effect (for energies < 100 keV) - A bound electron is ejected

from an atom and is filled by an electron from the outer electron shells.

e The Compton effect (for energies from 100 keV to a few MeV) - A ~-ray is
scattered by an electron in the outer electron shells and is then ejected from the

atom.

e Pair production (for energies > a few MeV) - A photon is absorbed by an atomic

nucleus with an electron and positron pair created.

As ionizing radiation interacts with the target material, charge is built up within
the material through the process of generating e-h pairs in which some kinetic energy
of the radiation particle is lost. It is known that the amount of e-h pairs generated is
dependent on the energy band-gap of the material. For SiO, the amount of e-h pairs
generated per rad is typically 8.1 x 10'2 p/cm? [2.74].

The e-h pairs generated across the band-gap of the material will attempt to re-
combine. However, some e-h pairs will escape the recombination process and will leave
a defect within the material lattice. It is at these points where charge can become
trapped within the lattice of the material and in turn degrade both the material’s
electrical and optical properties.

Although the mechanism of total ionising dose damage is well known within elec-
tronic components such as diodes and transistors [2.5], [2.70], [2.74]. The effects of
gamma radiation on fiber optics, especially rare-Earth doped fibers are known or not

as well understood when compared to electronic components.
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Radiation Induced Effects in Optical Fibers

After the advent of EDFAs in optical communications, a large amount of research has
been undertaken to study the effect of radiation on different classes of optical fibers:
passive fibers and active fibers (EDFAs, YDFAs and EYDFAs). Although a a large
majority of this research is for the nuclear industry, in-flight, on-board testing confirms
that EDFAs degrade quickly in the space environment [2.94], [2.95]. The work by
Girard et al. [2.96] defines the two main effects due to gamma-radiation observed in

optical fibers as:

e radiation induced attenuation (RIA) - This is an increase in the attenuation
of the glass due to radiation effect. This is dependent on both wavelength, time

[2.97] and dose rate [2.98].

¢ Radiation Induced Emission (RIE) - This corresponds to a sharp increase in
emission of the optical fiber due to radiation. This is typically produced by the

luminescence of already existing or radiation induced point-defects.

Girard et al. [2.96] identifies RIA as the main limiting factor effecting the perfor-
mance of active fibers within a radiative environment. RIE only has an effect when
radiation tolerant fibers are used at high doses and only degrades the SNR by increasing
the spontaneous noise [2.99].

The radiation response of both passive and active optical fibers are governed by the
co-dopants used in the silica host matrix. Typical dopants in passive fibers include:
germanium, phosphorus and aluminium; all of which allow the modification of the
refractive index of either the glass core or cladding. All of these co-dopants generate
colour centres which effect the spectral absorption of the fiber and in turn it’s optical
efficiency. Each colour centre generated is centered on a single wavelength and then is
broadened depending on the energy structure [2.96].

In Telecom-grade commercial off-the-shelf (COTS) optical fibers, Ge-doped optical
fibers are the most common. With this in mind a large amount of effort has been focused
on assessing Ge-doped fibers for a variety of applications to empirically determine the

effect of radiation [2.96], [2.100]. Early on it was identified that Ge-doped glasses
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showed a high level of RIA when compared to pure silica glasses [2.101]. This implies
that the co-dopant interactions are the main source of RIA within optical fibers, not
Si—Si or Si—O interactions found within pure silica fibers [2.101] and this assumption
holds for all other co-dopants [2.96]. Girard [2.96] and Neustuev [2.101] show that RIA
occurs mostly in the UV and blue part of the visible spectrum (200-700 nm) meaning
that for applications at NIR wavelengths Ge-doped glasses can be used without fear of
high-levels of RIA. However for applications where RIA is detrimental to the overall
system, RIA must be fully characterised. The main absorption bands are found at
energies of 1.97 eV to 6.8 eV [2.96] and are mostly attributed to unpaired electrons
present in the crystal lattice [2.99], [2.101], [2.102].

Phosphorus is commonly used within EYDFASs to increase the rate of energy transfer
between the Yb*™ and Er®" ions [2.54] and also to increase the solubility of rare-Earth
ions within glass [2.96]. A comprehensive piece of work by Griscom et al. [2.103] char-
acterises and explains the origins of P-based colour centres and the process attributed
to them. In terms of the main impact of telecommunications using NIR wavelengths
the main colour centres of concern are those generated by Phosphorus-Oxygen-Hole
Centres which cause absorption at pump wavelength (900 nm to 1 um). These colour
centres are classed as a hole type defect as a net positive charge is left in the silica
matrix as an electron is ejected from the lattice. The process of this charge generation
is shown in Figure 2.9 in which an electron is ejected out of the phosphate molecule
which can then move freely. The resultant molecule’s charge is net positive and the un-
paired spin is shared between 2 p-orbitals of neighbouring non-bridging Oxygen atoms
[2.103]. Although known to have high RIA at shorter wavelengths than the wavelengths
of interest, Phosphorus is not the main contributor to RIA observed in EDFAs, YDFAs
and EYDFAs

Typically found in EDFAs and EYDFAs aluminium is used to co-dope the core
to prevent clustering of Er®" ions due to Er®' ions having a coordination number® of
6 (typical) and it’s position within the tetrahedral silica matrix [2.104]. Aluminium-

related point defects have in the past been identified as the main cause RIA within

5Coordination number is a measure of how many atoms that can be bound to a central atom.
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Net +ve

Figure 2.9: Phosphorus-Oxygen-Hole Centre formation process.

EDFAs [2.94], [2.104]. It has been shown that the presence of aluminium-doping causes
RIA within optical fibers not the concentration or presence of Er®™.

Girard [2.104] showed that the process by which this occurs is that the Al,O4
which is used as the co-dopant forms an ionic shell around the rare-Earth ion. This
would then reduce efficiency of the ion being influenced by external electric fields and
therefore it’s ability to contribute to spontaneous emission. Previous work has shown
that in Al-doped fibers that the level of Er® concentration does not effect the level of
RIA [2.104]-[2.107]. Therefore it can be said that the host matrix is the cause of RIA
of Al-codoped rare-Earth doped optical fibers.

Highlighted above are the known key causes of RIA within active-optical fibers. Al-
though the effects of RIA are well known within EDFAs, YDFAs and EYDFAs this is
still an active research field for other doped fibers; as recently lanthanum and thulium
doped fibers have been shown to show strong levels of RIA [2.99]. As such it is not
recommended to use thulium doped fiber amplifiers as the effects of RIA are still un-
known. RIA can be hardened for by altering the fiber design or through component
testing. Hardening strategies against RIA are discussed in sub-section 2.2.4.

Dose rate (flux) and the total dose (fluence) has previously been found to vary the
RIA of an optical fiber. Intuitively the RIA of an optical fiber increases as the total dose
is increased [2.108], [2.109]. However, work has shown that RIA is not a linear process.
Early work by Griscom et al. [2.108] showed that RIA can be modelled as a power law
growth process, a model which still mostly holds today for non-PM fibers [2.99]. The
dose rate influences the RIA response by increasing the RIA at a higher dose rate for
a fixed total dose [2.108], [2.109]. This occurs as the generation of defects is increased

at higher dose rates and has been always been a constituent part of modelling RIA
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[2.108].

With regards to the irradiation particle type previous work has found that particle
type only effects absorption in optical wavelengths [2.102]. Differences arise when
looking at transients in the system as it is known that pulsed x-rays will cause unstable
defects which will temporarily increase the RIA observed [2.99], [2.102]. For steady
state irradiation little difference was found in RIA when irradiating with ~y-rays or
highly energetic protons [2.110]. In terms of this thesis, the main particle that will be
seen in operation in the space environment are constant «-rays. Therefore when testing
the radiation response of a component or module, a source that produces a constant
source of y-rays should be used to simulate the environment as similarly as possible to
the actual environment.

The final extrinsic factor is that the temperature of the optical fiber when irradiated
has been shown to influence the level of RIA observed. A change in temperature
influences the rate at which colour centres are created and the rate at which photo-
bleaching occurs [2.99], [2.111]. Although initially thought a rise in temperature would
only positively influence the RIA [2.111], work by Girard in 2013 shows that for different
co-doped fibers, the temperature can effect fibers in different ways [2.112]. For example,
for P-doped fibers temperature has no influence, Ge-doped fibers exhibit a reduction
in RIA at higher temperatures and pure-silica fibers can see an increase in RIA due to
the conversion of an unstable defect into a more stable colour centre [2.112]. Girard in
2013 explains that this is a complex relationship and that for practical applications, an
empirical approach is needed [2.112]. In fact, the same author in 2018 remarks that is

still the case and further work is needed to understand this relationship [2.99].

2.2.4 Hardening Strategies

As discussed in the previous three sub-sections, the space environment is a harsh place
to operate for fiber optics. Although fiber optics has flown and been operated in space
before, this have been typically used for confidential applications and end user’s/part

vendors are reluctant to share qualification data due to disclosure agreements such as
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ITART.

As such, European researchers have developed recent guidelines [2.113], [2.114]
which have been able to guide researchers and engineers in assessing optical compo-
nents for their suitability in space. However, no real standard has yet emerged from
either the USA, Europe or Japan for the qualification of opto-electronics and fiber optic

components for the space environment.

Opto-electronics & Passive Fiber Optics

For opto-electronics and fiber optic components a lot of work, has previously been
undertaken in the terrestrial telecommunications industry to assess and understand
fiber optic failure modes and reliability models [2.115]. As a response, industrial stan-
dards by Telcordia [2.9], [2.10] have been developed to test product reliability so that
end user can use components with confidence in high-reliability applications such as
sub-sea communications.

In terms of use within aerospace products, previous guidance has come from micro-
electronic high-reliability test specifications such as MIL-STD-883 [2.116]. These offer
stringent test requirements in areas such as mechanical vibration, shock, thermal and
humidity environmental testing. This specification also sets out important test proce-
dures that are to be followed when assessing components.

As already mentioned, effort by ESA and partner companies has led to the develop-
ment of component testing guidelines for space-applications [2.113], [2.114]. Although
these standards are designed for laser diodes they can be extended to other opto-
electronic and fiber-optic components to some degree. In fact, these ESA guidelines
frequently refer the reader to MIL-STD-883 and the Telcordia standards mentioned.
If specific tests are required the ESA guideline uses MIL-STD-883 and Telcordia test
processes but change the test conditions such that it suits the anticipated environment
i.e. mechanical vibration/shock is much higher at launch than seen by a plane on take-

off. Therefore, it can be concluded that using industrial high-reliability standards for

"ITAR - International Traffic in Arms Regulations, is a US regulation that prohibits the export of
defence technologies. Sadly, any space component used in a US satellite, even when used in a civilian
application, is covered by ITAR and as such reduces the data available for engineers to use.
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component screening can give a good understanding on the component’s response to
the space environment and can be used a component hardening strategy.

Although qualifying a component by prior Telcordia or MIL-STD-883 certification
does not guarantee survivability of the component in space, further testing of these
components on a single lot level is needed to ensure that workmanship is kept high and
consistent. This is similar to the current approach by the space industry to electronic

components in terms of qualifying lots of components for flight use.

Radiation Hardening of Active Fibers

Section 2.2.3 discusses the main threat faced by active fibers is that of y-radiation. As
this fiber class are a key component within space-based laser transmitters, a radiation
hardened optical fiber is key. There are many approaches to hardening active fibers
to radiation which will be discussed below. A large amount of work has provided the
background for the commercialisation of radiation hardened active fiber for optical
amplifiers by manufactures such as IxBlue [2.117]-[2.119] and Draka [2.120].

One of the major drawbacks of commercial radiation hardened fibers is that the
cost of these top performing specialist fibers is extremely high (~ 1000-1500 €/m ),
not necessarily suitable for cost sensitive applications. To provide a survey of COTS
fibers which can be used to assess the fiber’s response to expected radiation levels
(typically 100 kRad) is highly beneficial. From this survey the fiber with the lowest
RIA can be selected. Although this means a poorer performance when compared to rad-
hard fibers, the cost is a lot lower and can be scalable in a commercial context, making
COTS fibers more suitable for volume applications such as for satellite constellations.

For both COTS and specialist fibers, a known effect on RIA response is that of
photobleaching of the active fiber by the input power to the active fiber. It is known
that photo-bleaching will decrease the RIA seen during irradiation as well as increase
the recovery of the fiber post-irradiation. The effect of photo-bleaching is known to
be dependent on both the fiber composition and therefore the type of defect generated
[2.121]. In addition it is known that the level of photo-bleaching is dependent on the

operational environment (e.g. wavelength and temperature) [2.99] of the fiber showing
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that this effect is application specific. In testing of fibers usually low or no input power
is used to assess the worst-case RIA of a fiber.

Another strategy to avoid RIA is to adjust the operational wavelength of the fiber
amplifier. For the space-environment, the minimum RIA can be found in the 1-1.2 pm
window for most optical fibers [2.99]. However, IR-RIA is still not understood fully
and unknown absorption bands must be investigated. In addition other wavelengths,
such as 1.5 pm can be used if the RIA can be hardened for in another way. Although
the RIA performance at 1.5 pm is worse, it might be selected for other reasons such
as the availability of commercial components. The other wavelength to consider is the
pump wavelength. For EDFA RIA it has been shown that pumping at 1480 nm is more
efficient than at 980 nm when photobleaching is not present [2.122]. However, this is
not the case and with photobleaching present, the gain recovered when pumping at
980 nm is 30 times more than at 1480 nm [2.122].

The main approach to radiation hardening active fibers is that of altering the fiber
composition. The approach of which depends on the type of amplifier.

For EDFAs and EYDFAs, there are differing approaches to this problem. The
first approach is to remove the aluminium through specialist doping techniques such
as with nano-particles [2.123]. This approach by Draka Communications has led to
the development of a EDFA which shows a reduction in RIA to 3.75 dB/100 kRad,
which is significantly lower than standard telecoms fibers which show a RIA of ~ 10
dB/100kRad [2.99], [2.123]. For this class of fiber, the pay-off of reducing the amount
of aluminium present is an increase in the measured NF of 1.5 dB [2.123]. This is due
to the lack of aluminium which in turn broadens the noise spectra. As a result this
will increase the noise power density and therefore degrade the NF. Because of the
complex preform doping procedure, it is unclear whether this doping technology can
be transferred to EYDFAs.

A different approach, relying on traditional glass radiation hardening techniques,
is to co-dope the glass with cerium-ions. Known to provide radiation-hardness since
the 1960s [2.124], co-doping glass with cerium ions allows for two oxidation states of

cerium to form, Ce3t and Ce**. The Ce®' ion has been shown to act as trap for
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holes, thus addressing the Phosphorus related defects, whilst the Ce*" ion has been
shown to act as an electron trap for high energy colour centres found in the UV [2.124].
Co-doping with cerium has been shown to provide no detrimental effects to the spectral
performance of either the Er¥™ or Yb3' ions [2.125], [2.126] suggesting that it can be
used in conjunction with EDFAs and EYDFAs.

At the same time as the work completed by Draka, IxFiber (a division of IxBlue
Photonics) developed a cerium co-doped EDFA and EYDFA. This fiber has been shown
to provided an RIA of 1.6 dB/100kRad [2.127] for ~-ray irradiation which is an im-
provement of 2.15 dB/100 kRad when compared to the nano-particle technique.

The final method of co-doping that has been explored is to load the fiber with
molecular hydrogen. When the fiber is irradiated and colour centres are formed, the
hydrogen atoms can form bonds where the broken bonds lie which have been created
by radiation damage. Initially, developed for harsh terrestrial environments such as
the nuclear industry, H, loaded fibers have been developed by two competing groups in
Russia and France [2.127]-[2.130]. Initial work in 2012 showed an improvement in RIA
performance, such that an observed RIA of 0.44 dB/100 kRad for a Hy loaded fiber and
0.22 dB/100 kRad for a H, loaded and cerium co-doped fiber was reported [2.127], thus
showing an extremely radiation tolerant EDFA and EYDFA.

The major problem of loading fibers with Hy is that the H, will diffuse out of the
fiber over time [2.128], [2.129]. To counteract this the use of a hermetic coating of the
fiber is suggested. This is a good solution but can now pose a problem in providing
a mechanism for the H, to be loaded into the fiber at normal temperatures [2.99]. To
ensure that the H, does not diffuse from the fiber and to ensure homogeneous loading
in the fiber, the IxFiber group developed a hole-assisted carbon coated (HACC) fiber
[2.130]. A cross section of a HACC fiber is shown in Figure 2.10 showing the holes placed
in the cladding to allow loading of the hydrogen from the ends of the fiber preform. This
fiber has been shown to provide an RIA of 0.22 dB/100kRad when being irradiated
in an active configuration [2.127] and 1.1 dB/100kRad whilst not active when being
irradiated (worst case scenario)[2.130].

Another way of mitigating RIA is to shorten the fiber length at the expense of
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Figure 2.10: Cross-section of a hole-assisted carbon coated fiber. From: [2.130]

amplifier gain [2.97], [2.131]. This occurs due to less fiber being irradiated and therefore
a lower amount of colour centres being formed [2.97]. Although this shows a possible
way forward it is hard to integrate into a system. One approach presented by Li et al.
suggest using EDFAs or different lengths and to switch lengths and pump powers when
the fiber becomes irradiated [2.132]. This shows an improvement of reducing RIA by
8 dB when compared to a fixed length and pump power. However, this is not always
easy to implement in SWaP constrained systems, such as on small satellites, as this
method would require the duplication of components which would greatly damage the
SWaP performance of the system.

One final way to reduce the RIA during the operational lifetime of the fiber is to pre-
irradiate the fiber. It has been shown that pre-irradiating fiber before it’s intended use
greatly reduces the RIA when the fiber is irradiated at a later date [2.133]. Although
this is a potential technique to use it is not recommended as the fiber would have
already degraded from it’s performance when pristine; a non-ideal situation. Therefore

it would be better to use a radiation hardened fiber.

2.3 Contemporary Satellite Optical Communications Sys-

tems

2.3.1 Comparison of RF and Optical Systems

As with terrestrial communications, optical communications has overtaken RF com-
munications as the technology of choice. The main differences between optical and RF

communications can be found in the link equation with the inherent shorter wavelength
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used by optical communications. The link equation is well known and is given as:

Pr = PrGrLpsLamGr (2.5)

Where Pr is the transmitted power, Pg is the received power, Gp and Gg are
the transmit and receive antenna gain, Lrg and L, are the free-path space loss and
atmospheric loss, respectively. The equation to calculate Lrpg and both G and Ggr

are given by:

47TA(T/R)
G(r/r) = T (2.6)
As )2
Lpg = (47TZ> (2.7)

If you combine equation 2.5 with equations 2.6 and 2.7 it can be seen that, Pr
1/A2, showing that using shorter signal wavelengths is beneficial to the overall system
performance if the other link parameters are kept similar. The ramifications of this
result are such that the required transmitter power is lowered, telescope diameters
reduced and an increase in data rate is possible if optical communications are chosen
over RF communications. Thus showing where improvements in SWaP can be made.

To see the impact this has on overall system performance, it is useful to compare
RF and optical systems. A comparison of the technical limitations are shown in Table
2.8. In terms of direct impact on the spacecraft bus in terms of laser terminal SWaP
and scenario of a LEO-LEO 2.5 Gbits™—! link; Toyoshima predicts that by using a state-
of-the-art RF link would increase the system mass and power consumption by a factor

of 2.1-2.4 [2.134] when compared to an optical system.

2.3.2 State-of-the-Art Space-Based Optical Communications Systems

As already mentioned in Section 1.1 research into space laser communications has been
occurring since the 1970s [2.6]. More modern activities have been undertaken by three
main space agencies: ESA, NASA and JAXA (Japan). This section shall mention

some of the key historical systems and current state-of-the-art systems such that a
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Parameter

RF

Optical

Wavelength

Typ. 1 cm (Ka-Band)

Typ. 1.5 nm (Optical
C-band)

RX noise limitation

Thermally limited,
kT = —174 dBHz ™!

Shot-noise limited,
hv = —159dB Hz !

Spectrum Regulations Regulated Unregulated!
Amplifier Technology
. Transistor or

Technology Basis Travelling- Wave Tube EDFA/EYDFA
Typical Gain 10 dB 50 dB
Bandwidth ~ 50 GHz ~ 50 THz

. Complicated (High order Basic (OOK, PPM,
Modulation Formats PSK & QAM) DBPSK)

Waveguide Attributes

Type Co-axial Cable Optical Fiber
Bandwidth ~ 20 GHz ~ 50 THz
Loss 100 dBkm™! 0.2 dBkm™!
Channel Characteristics

Antenna Gain' 30 dB 106 dB
Free-path Space Loss 2 188 dB 264 dB
Diffraction Angle 1072/D 1075/D
Cloud Attenuation Low High

I Calculated gain in the main beam. Assuming an aperture of 1 cm and wave-

lengths shown above.

2 Assuming the wavelengths described above and a link distance of 2000 km (LEO

to ground at zenith).

3 Attempts on a world-wide level are being made to standardise space laser com-
munications. However they are not yet finalised and work is continuing [2.135].

Table 2.8:
Adapted from: [2.136].
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background to this thesis can be formed.

From Asia, the main push in space laser communications research has come from
Japanese institutes such as JAXA and NICT. NICT were the first to demonstrate a
GEO to ground, bi-directional link in 1995 at a data rate of 1 Mbits™! using wave-
lengths of 800 nm and 500 nm [2.137], [2.138]. The next mission from Japan was a joint
mission from JAXA and NICT called the Optical Intersatellite Communication Engi-
neering Test Satellite (OICETS) which was built in partnership with ESA’s SILEX pro-
gram (see below). In 2006, OICETS performed LEO-GEO links with ESA’s ARTEMIS
laser terminal [2.6] as well as direct downlinks to ground from LEO. OICETS operated
at a wavelength of 847 nm and used IM/DD modulation at a data rate of 50 Mbits™?
[2.139], [2.140]. Following the success of OICETS NICT moved forwards in 2014 with
the launch of the Small Optical TrAnsponder (SOTA) on-board the micro-satellite,
Space Optical Communication Research Advanced Technology Satellite (SOCRATES).
SOTA started to show the miniaturisation of space optical terminals with a mass of 5.9
kg and total power consumption of 12.6 W [2.141], thus showing the path forward for
future systems. SOTA operated at a wavelength of 1550 nm and 976 nm, using IM/DD
modulation formats and a data rate of 10 Mbits~!. In addition to this, the SOCRATES
spacecraft and SOTA terminal provided the capability of providing quantum key dis-
tribution, which in turn produced the world first quantum space communications ex-
periment [2.142] in 2017. The work in providing quantum key distribution was quickly
followed in the same year by a further demonstration by a Chinese group who success-
fully generated entangled photons in orbit. The MICIUS experiment demonstrated the
distribution via satellite of entangled photon pairs to two separate ground stations via
a wavelength of 810 nm from LEO [2.143]. The link operated on wavelengths of 532
nm, 671 nm as beacon channels for tracking such that the pointing and tracking of
both the ground station and transmitter could be kept [2.143]. As recently launched
in January 2019, NICT has developed the Very Small Optical TrAnsponder (VSOTA).
Based on IM/DD modulation at a data rate of 1-100 kbits™! this LEO to ground
downlink demonstrates a very small optical unit (mass < 1 kg and power consumption

< 10 W) [2.144] which is encouraging. However, the data rate provided is very low to
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be of practicable application, but this is limited by the transmitting telescope which is
small for this particular system.

Efforts in the USA have been mostly led by NASA, albeit with some military and
commercial interest. Although NASA were involved in demonstrating a GEO-ground
link with ETS-VI to the USA through the GOLD program [2.145]; no more demonstra-
tions from the USA came until 2008 with the NFIRE (Near Field InfraRed Experiment)
spacecraft. Operating at a wavelength of 1064 nm and modulation scheme of BPSK,
this satellite provided a 5.6 Gbits~' LEO-LEO ISL with the ESA satellite, TerraSAR-
X [2.6], as well as LEO downlinks at a later date [2.146]. The next major demonstration
held by NASA was the ambitious project of the Lunar Laser Communications Demon-
strator (LLCD). Operating in lunar orbit on-board the LADEE spacecraft in 2013, this
program demonstrated the first lunar to ground, duplex laser link. This link oper-
ated at a wavelength of 1550 nm and provided a 16-PPM 622 Mbits~! signal [2.147].
One interesting demonstration showed NASA sending files from Massachusetts to New
Mexico via the Moon, whilst another demonstration showed the streaming of HD video
from the Moon. NASA also pioneered the use of using up-screened COTS compo-
nents for space optical communications through the demonstrator mission, OPALS,
launched in 2014. A demonstrator based on the International Space Station, it pro-
vided a 50 Mbits~!, OOK downlink from LEO at a wavelength of 1550 nm using a
mix of previously commercial and space qualified parts, showing the potential of using
terrestrial parts in fiber optic space systems [2.148], [2.149].

With a growing interest in space laser communications, commercial entities in the
USA started to design and launch their own systems. The Aerospace Corp. have devel-
oped two programs for CubeSat based laser communications, a key topic for this thesis,
with mixed success. The two programs known as OCSD-A and OCSD-B developed
CubeSat LTXs with a wavelength of 1064 nm, output power of up to 4 W, modula-
tion format of OOK and data rate up to 200 Mbits~! [2.150]. The initial satellite,
AeroCube-TA was launched in 2015 but the laser transmitter was not tested due to an
attitude control system failure [2.151]. The second wave of spacecraft, AeroCube-7B/7C

were launched in 2017 and a successful link at a data rate of 100 Mbits~!, demonstrat-
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ing the world’s first laser link from a CubeSat [2.150]. However, this came with a
disappointing BER of 1076 [2.150]. This shows that although laser communications
via CubeSat is possible, a lot more work is needed to improve the BER of the link.
This could be achieved through either improving the link budget, such as through us-
ing a larger transmitting or receiving telescope, or changing modulation formats (and
therefore decreasing the data rate).

European research into space laser communications has been mostly been pushed
forwards by ESA and the German space agency, DLR. European efforts stem from
the SILEX program originally set up in 1985. From this program the ARTEMIS laser
terminal was developed to be placed on-board the host spacecraft, SPOT-4. It was not
until 2001 that a GEO to ground link was demonstrated [2.39] using ARTEMIS; and
a GEO-LEO link demonstrated with OICETS in 2005 [2.39]. SILEX was based at a
wavelength of 800 nm and used IM/DD (OOK) to provide a data rate of 50 Mbits™?.

However, the SILEX terminal had a large mass of 157 kg and yet provided an
alternative to RF communications, therefore the push for smaller terminals to be used
in ISLs were made by ESA [2.6]. With this imperative, ESA in partnership with TESAT
Spacecom developed the laser terminal that was placed on the NFIRE satellite (already
mentioned) and the German satellite TerraSAR-X to provide a LEO-LEO ISL and also
a LEO downlink to ground, all of which were demonstrated in 2008 [2.12]. The link
is based upon a wavelength of 1064 nm, BPSK modulation and at a data rate of 5.6
Gbits™t [2.6], [2.12], [2.146], [2.152]. The laser source was a NPRO Nd:YAG laser
providing suitable frequency stability with a high reliability [2.152]. Due to the success
of this terminal ESA approved this technology to be the basis for European data relay
system (EDRS). Based on the need to provide a high-speed data relay link from ground-
LEO-GEO, EDRS was designed to transmit up to 6 Thit from space to ground per day
as Furopean missions previously relied on non-European ground stations to downlink
data [2.6]. The EDRS terminals were based upon those used in NFIRE and TerraSAR-X
but slightly modified to provide a longer link length (link distance from GEO to ground
is ~ 4.5 x 10° km). The main differences between the two terminals types are summed

up in Table 2.9. Note that only the differences between the two terminal generations
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TerraSar-X, NFIRE Alphasat, EDRS
Parameter

(Gen 1) (Gen 2)
?17{3 QT)X Diameter o5 im 135 mm
Data rate 5.6 Gbits™! 1.8 Gbits™!
Tx Power 1W 5 W
Link Distance 6000 km 45000 km
Terminal Mass 35 kg 45 kg
Power Consumption 120 W 140 W

Table 2.9: Technical Comparison of the two TESAT LCT generations

are shown, not the whole specification. The first satellite to be launched with this new
generation of terminal was Alphasat in 2013. The laser communications terminal was
a secondary payload on a GEO communications satellite and was intended to act as
the GEO downlink node. The link from Alphasat was tested in 2013 and provided a
1.8 Gbits~! data rate from GEO orbit [2.153]. Alphasat’s partner LCTs were launched
upon Sentinel-1A /1B satellites part of ESA’s Copernicus program and to be placed
into LEO. The first Sentinel satellite was launched in 2014 and link established with
Alphasat later that year. No errors were detected in the GEO to LEO link at a data
rate of 1.8 Gbits~! [2.154], [2.155]. Since the successful operation of the terminals on-
board Alphasat and Sentinel-1A, further laser terminals have been launched on-board
Sentinel-1B and the EDRS-A node on-board the commercial satellite Eutelsat-9B. All
EDRS terminals have been in operation and over 17000 successful links have been made,
supplying a link availability of > 99.8% since the start of operations [2.156].

The final European program of note is that of DLR’s OSIRIS program. Currently
two OSIRIS optical communications terminals are in orbit. Based on a IM/DD modu-
lation scheme and wavelength of 1550 nm, the first terminal OSIRIS-1 has been shown
to provide a downlink from LEO at a data rate of 200 Mbits~! with the capability of
scaling the data rate to 1 Gbits™! [2.157]. The second terminal has not been able to
demonstrate a downlink to ground due to problems with the host spacecraft’s pointing

capabilities [2.157].
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Upcoming Space-Based Optical Communications Missions

With the previous success that space-based laser communications has enjoyed, space
agencies are planning more missions to provide high speed communications from space.
Previously, these laser terminals have been a secondary payload but are now becoming
the primary communication method for some of these spacecraft.

In Japan, a new focus is being made on building the Japan Data Relay System
(JDRS) with the first terminal currently planned to be launched in 2019 [2.158]. JDRS
is designed in a similar way to ESA’s EDRS in that it will consist of a LEO-GEO ISL
and optical feeder links from GEO to ground [2.159]. The main difference between
two systems is that JDRS will operate in the C-band and use differential phase shift
keying (DPSK) at a data rate of 1.8 Gbits~! [2.158]. In addition to JDRS, JAXA are
planning to launch a high-throughput satellite in which a 10 Gbits™! optical GEO-
ground feeder link is to be demonstrated; thus facilitating the next generation of high
speed laser communications from space [2.160]. This work is currently in the early
stages with an anticipated launch in 2021.

American efforts have also been focusing on LEO-GEO ISLs with the Laser Com-
munications Relay Demonstration (LCRD). To be launched on-board a US defence
satellite in 2019 [2.40], the LCRD terminal will supply users with a 1.244 Gbits™!
DPSK channel with error coding [2.161]. In addition to improving near-Earth commu-
nications, NASA are interested in deep space communications. The Deep Space Optical
Communication (DSOC) program will develop a laser communications terminal such
that a link can be achieved between an asteroid and Earth. This is not the final aim
however, as it is envisioned that this system can then be expanded for supporting 125
Mbits~! links from Martian orbit [2.162]. Based at 1550 nm (downlink) and 1064 nm
(uplink), the initial demonstration is to take place on the PYSCHE mission in which a
200 Mbit s~! link from an asteroid will be provided using PPM [2.163]. Although a lot
of effort is being placed in the transmitter development, the main focus is being placed
on the development of an advanced photon counting receiver [2.162], [2.163] which are
needed to receive extremely low photon counts.

FEuropean future missions have mostly been focusing on completing the EDRS sys-
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tem and demonstrating high data links from both LEO and GEO. The second EDRS
terminal, EDRS-C, is to be launched in 2019 and will operate in the say way as the other
EDRS nodes from a GEO orbit [2.164]. DLR are also expanding the OSIRIS program
in launching two new terminals: OSIRIS-3 which will be based upon the International
Space Station and CubeSat laser transmitter OSIRIS-4, developed in partnership with
TESAT [2.157]. Both terminals are designed to operate at 1550 nm with OSIRIS-3 op-
erating with a data rate of 10 Gbits~! and OSIRIS-4 providing an output power of 100
mW and data rate of 100 Mbits~! [2.157]. Finally, ESA have embarked on the SeCure
and Laser communication technology (Scylight) program in which the High Through-
put Optical Network (HydRON) aims to provide Thits~! data links from GEO and
LEO [2.165]. The first demonstration of HydRON is anticipated to launch in 2022 with
the project still currently in the planning and early design stage with no requirements

currently available [2.165].

2.4 Summary

In summary this chapter has introduced the key components needed to create a space-
based optical communications system and has provided a trade-off analysis based on
component suitability for on-board a satellite. The challenges faced by these compo-
nents are also shown, describing potential damage mechanisms which become important
in the later chapters of this thesis. Particular attention has been made on radiation
induced attenuation (RIA) and the effect is has on both rare-earth doped fiber optic
amplifiers. Some hardening strategies have been introduced which are used within this
thesis to assess the suitability of different optical components which could be potentially
used within a laser transmitter.

The current status and future for space-based optical communications is very bright,
with multiple successful demonstrations and interest not just growing from national
space agency but also from commercial entities. Through the miniaturization of laser
communication terminals, in the case of this thesis by focusing on the transmitter,
this will not just improve the overall SWaP of the system but also push forward the

possibilities of what can be achieved in this field.
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Based on this work, the rest of this thesis addresses the miniaturization of laser

communication terminals through assessing new classes of components for space appli-

cations. In addition this thesis will present novel laser communication terminals for

space applications up to a TRL level of 5 such that in future work the TRL level can

be raised and in turn qualify the units for flight.
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Chapter 3

Environmental Testing of Fiber
Optic Components for Space
Applications

As discussed in Chapter 2, qualifying components for their anticipated environment
is of utmost importance when designing fiber optic systems to be based in the space
environment. As an early stage in the design process, these components must be tested
to a rigorous standard such that it can be ascertained if they will survive. As shown
in section 2.2.4, standardised space qualification standards for fiber optic components
do not exist and must be modified from ESCC test standards for laser diodes [3.1],
[3.2]. One important point to note from the ESCC test standards is that they reference
terrestrial test standards such as MIL-STD-883 [3.3] and Telcordia standards [3.4], [3.5]
with modified test conditions. This approach has been used to devise the tests outlined
in section 3.3 and are suitable for enabling the initial assessment of the components

tested for their use within space systems. This chapter is structured as follows:

e Section 3.1 will introduce the objectives of the test campaign and types of com-

ponent tested.
e Section 3.2 describes the components to be tested.

e Section 3.3 presents the test plan and with it the methods and conditions used.
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e Test results for each component type are presented in section 3.4

e The test campaign on irradiated ErYb-doped fibers is treated separately and is

presented in section 3.5

e Section 3.6 summarises and provides a conclusion of the test campaign.

3.1 Aims & Objectives

To meet the overall aim of this thesis which is to demonstrate the miniaturisation of
satellite optical communications technology. The primary aim of the test campaign
described in this chapter is to provide an initial assessment into the suitability of a
new class of optical component that has not yet been tested (to the author’s current
knowledge). In addition to this, ErYb-doped active fibers will be tested such that a
suitable fiber can be selected to provide the best radiation response at a reasonable
cost.

The components to be tested are shown below. For specific information on each
component type see section 3.2 for the passive optical parts and section 3.5 for specific

information on the ErYb-doped fiber tested.

1. Hybrid components, in which multiple parts can be merged into one part, in both

a PM and non-PM configuration.
2. A compact, high-power isolator designed to operate at a wavelength of 1 pm.

3. Er/Yb-doped fiber designed for high-power (> 1W) operation.

3.2 Description of Components

3.2.1 1 pm High-Power Isolator

These components are designed to operate at a signal wavelength of 1064 nm and as
such are inherently different from components designed for use over the C-band. Shown

in figure 3.1 is the component layout and mechanical dimensions of the device to be

89



Chapter 3. Environmental Testing of Fiber Optic Components for Space Applications

Parameter Value
Centre Wavelength 1064 nm
Operating Wavelength Range 45 nm
Typ. Isolation 35 dB
Min. Isolation 28 dB
Typ. insertion loss (I/L) (@25 °C) 1.7 dB
Max. I/L (@0 — 450 °C, 2 W) 3 dB
Min. polarisation extinction ratio (PER) 20 dB
Max. Optical Power (CW) 2W
Operating Temperature 0—+470°C
Storage Temperature —40 — +85 °C

Table 3.1: Summary of 1 pm isolator specification.

tested. Care was taken in component selection to find an optical isolator which operates
at 1 um, provides a suitable power handling (approx. 2W) and is of a compact size. A

summary of the specification of the 1 pm isolator selected is shown in table 3.1.

&2.5mm

Y -

! ¢ Input Qutput I:
Ei—— [——
©
! T
! l 28.8mm ‘
I 32mm | 25mm —e=t
TOmm 10.5mm

Figure 3.1: 1 pm fiber-optic isolator schematic.

3.2.2 Hybrid Components

This class of fiber optic component act as multi-functional passive optical devices in-
corporating a tap, WDM and isolator (or any other combination). Hybrid passive
components are designed to be used on either the input or output of an active fiber
which is providing amplification whilst reducing the component count. Therefore these

devices come in two configurations, forward pumping (to be placed on the input of the
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active fiber) and backward pumping (to be placed on the output of the active fiber).
When a tap is present in the device, these devices have 4 ports and the typical config-
uration is shown in figure 3.2. A summary of the specification for this class of part is

shown in tables 3.2 and 3.3.

Signal Common

(1550 nm) >—-U ¥ ©55:01mm D-—< (1550 + 980 o)
| A

Tap | Pump
- a —
(1550 nm) 36ximm (980nm)

Forward Pump

Figure 3.2: Schematic of a forward-pumped hybrid fiber-optic component.

Parameter A = 1550/980 nm
Isolator Stages Dual Stage
Signal Wavelength (nm) 1528-1564 (C-band)
Pump Wavelength (nm) 965-1000
Signal Isolation @ 23 °C (dB) > 45
I/L - Pump Channel (dB) <0.6
I/L - Signal Channel (dB) <14
Tap Ratio (dB) 19.0 — 20.8
Extinction Ratio (dB) > 22
Return Loss (dB) > 50
Optical Power (mW) < 300
Operating Temperature (°C) 0—+70
Storage Temperature (°C) —40 — +85
Package Dimensions (mm) 5.5 X 35

Table 3.2: Typical performance characteristics for PM hybrid optical components.
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Parameter A = 1550/980 nm
Isolator Stages Dual Stage
Signal Wavelength (nm) 1528-1564 (C-band)
Pump Wavelength (nm) 965-1000
Signal Isolation @ 23 °C (dB) > 45
I/L - Pump Channel (dB) <0.6
I/L - Signal Channel (dB) <14
Tap Ratio (dB) 19.0 — 20.8
Return Loss (dB) > 50
Optical Power (mW) < 300
Storage Temperature (°C) —40 — +85
Package Dimensions (mm) 5.5 X 35

Table 3.3: Typical performance characteristics for non-PM hybrid optical components.

3.3 Test Conditions

This section will outline the tests and measurements to be conducted on the hybrid
optical components and 1pm isolator as part of this test campaign. The tests defined
in this document will be conducted to ECSS standards [3.1], [3.2] if applicable. When
not applicable, other high-reliability standards [3.3]-[3.5] will be used.

3.3.1 Test Flow

30 components are to be tested in test batches of 10 components (30 components
total). The type of hybrid component selected to be tested is the forward pumped,
4 port device. This type of device has been selected for two reasons. The first, is
the pumping direction. These types of devices are constructed such that the optical
path will be similar such that the forward pumping and backward pumping devices
are almost identical; the difference being how the optical elements are ordered in the
device. Therefore the backward pumping parts can be qualified through similarity. The

second reason is that 4 port devices are the most complicated due to them including a
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tap port along with the isolator and WDM found in the 3 port devices. These devices
are similar but the 4 port devices are slightly more complicated. Although the 3 port
devices cannot be qualified through similarity, they can through analysis by them being
more resilient to the environment by being a simpler component.

The test flow for one batch of evaluation tests to be completed are shown in figure

3.3. The testing is broken up into 4 groups. These are:

e Control Group (2) — These devices will be used as reference components to ensure
the measurements made are precise. The results for these components will not

be shown unless there is a large discrepancy between measurements.

e Thermo-mechanical (4) — This group will focus on the thermo-mechanical per-
formance of the devices. There are three test legs making up this group. The
precise conditions for each test of this leg can be found in figure 3.4 and tests will
be conducted according to ESCC Basic Specification No. 23201 [3.1] with some

modifications.
Mechanical leg
Thermal cycling and humidity

e Vacuum group (2) — This will assess the devices’ performance under vacuum con-

ditions. Namely rapid depressurisation and thermal vacuum (TVAC) conditions.

e Radiation (2) — In this test group the devices will be irradiated with gamma

radiation to assess the component’s radiation hardness.

The test conditions for the vacuum group are shown in tables 3.4 and 3.5 and shall

take place according to ESCC Basic Specification No. 23201 [3.1] clause 6.4.2.4.

Parameter Condition
Starting Pressure Atmospheric
Finish Pressure <1333 Pa
Time for depressurisation <5s

Table 3.4: Rapid Depressurisation Test Conditions.

93



Chapter 3. Environmental Testing of Fiber Optic Components for Space Applications

| Test Samples {10) |
|

v v ! ¥
Group 1 Group 2 Group 3 — Vacuum Group 4
Control (2) Thermo-Mechanical (4) Rapid Depressurisation (2) Radiation (2
|
L] ¥ l
| Mechanical (2) | | Thermalcyeling 2y | | mvacey |

I

Interim Test Interim Test Final Test

| Random Vibration | | Humidity (2 |

Final Test

Interim Test

I
i

| Mechanical Shock |

Interim Test

o

| Fiber Pull Test |

Final Test

i

Figure 3.3: Generic test flow for passive component testing. The number in brackets
denotes the number of devices to be tested.

| Group 2 — Thermo-Mechanical (4) |

Mechanical (2) | Thermal (2)
Random Vibration Thermal Cveling (2
20-2000 Hz: -40 "C to +85°C
30 g RMS- 100 cycles
Duration: 7.5 min 5C/min, 15 min dwell
3 Orthogonal Axes l
Damp Heat (2)
70 °C/70RH
Mechanical Shock 500 Hrs

Step 1: 5009 (peak), Duration: 1ms
Step 2: 15009 (peak), Duration: 0.5ms
Step 3: 3000g (peak), Duration: 0.3ms

l

Pull Test

Side Pull 0.23 kg force
3 x in each of 6 directions
Fibre cable retention. 0.45kg
force for 1 min.

Figure 3.4: Overview and detailed test conditions of Thermo-Mechanical Test Group
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Parameter Condition
Duration 1000 h

Pressure <1076 torr

Temperature +60 °C

Table 3.5: TVAC Test Conditions.

Dose Step Dose (kRad)
A 30

B 100

Table 3.6: Radiation Test Conditions.

The radiation testing shall be completed according to ESCC Basic Specification
No. 22900 [3.6] using the standard dose rate (0.36 to 180 kRad (Si) / hour). The only

exception is the dose steps chosen which are shown in Table 3.6.

3.3.2 Required Measurements

In between each test step, the measurements according to Table 3.7 shall be taken.
These shall also be completed on the control units at each stage to verify the status
of the measurement system. All measurements for the hybrid components will be
completed at A = 1550 nm (signal)/ 980 nm (pump) and room temperature (approx.
+23 °C). The 1 pm isolator measurements will be taken at a A = 1064 nm. Only signal
path I/L, signal isolation and signal PER measurements are applicable for the 1 pm
isolator. The signal and common ports for the 1 pm isolator are denoted as the input
port and the output port respectively.

In addition, the pass/fail conditions have been included in Table 3.7. The value for
the allowed A has been chosen to reflect current high-reliability standards suitable for

fiber-optic components [3.4], [3.5].
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Parameter Measurement Ports Allowed A Unit

Signal Path I/L Signal — Common

Pump Path I/L Signal — Common +0.5
Signal Tap Ratio Signal — Tap dB
Signal Isolation Common — Signal > 30

Signal PER! Signal — Common > 20

1 Only applicable to measurements on PM components.

Table 3.7: Test Campaign Required Measurements.

3.4 Results

3.4.1 Mechanical

The devices were mounted on separate plates such that it would simulate the expected
mounting conditions. Figure 3.5 shows how the devices mounted before mechanical
testing. The vibration tests were completed at PARC, Bideford, Devon and the de-
vices were shaken in an order of: Y-axis, X-axis then Z-axis. The test setup and axis

orientation is shown in Figure 3.6.

Figure 3.5: Fiber optic devices mounting before vibration testing.

Shock tests were completed at Alter Technology, Madrid and test setup for the
+Y-axis shock is shown in Figure 3.7. After each shock level and shock axis, each fiber

optic component tested was checked to ensure that the signal path was still intact by
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(a) X-axis (b) Y-axis (c) Z-axis

Figure 3.6: Vibration test setup on shaker and axis orientation.

a signal path I/L measurement. This was completed at the test house to reduce the
test time. A summary of the results of the interim shock measurements is shown below
in Table 3.8. Shown are the A values for signal path insertion loss. All measurements
were based off an initial value measured before each shock was applied. Based off
the data shown in Table 3.8, it can be seen that all components survived the shock
test. However, significant variation in the 1 pm data can be seen suggesting that some
degradation has occurred to both tested units. This variation is not enough to fail
the test but is of a sufficient value to point towards some problem with the part, thus
the conclusion of a partial pass for the 1 pm isolator (Table 3.21). Upon return to
G&H, the 1 pm isolator S/N: 81805129 failed the post-shock measurement (Table 3.9) .
When comparing the data in Table 3.8 and 3.9 this would suggest that the part became
damaged during shipping the part back to G&H. As shown below during the fiber pull
test this is not the first time parts became damaged during shipping, although at the
time it was thought that the part was damaged during the shock test.

When the units were returned from the shock test, it was found that S/N: 81805060
had a shortened fiber due to problems with the connectorisation process completed at
the test house. This is shown in Figure 3.8 and this became a problem when testing the
isolator for the fiber pull test. Because of the short fiber in addition to the potentially
damaged part S/N: 81805129, the fiber pull test could not be completed so it was
decided that this set of parts would be replaced by the parts which underwent the
vacuum leg. Although it does not test the mechanical strength after a shock test, a
TVAC test can be thought of to be just as rigorous due to the high temperatures and

low pressures that the part faced.
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Figure 3.7: Photo showing the test setup for the +Y axis shock. Photo credit: Al-
ter Technology.

Figure 3.8: Photo of the returned 1 pm isolators, post-shock test.

Following the shock test, the final fiber pull test was completed at Alter technology,
Madrid, Spain. The setup for the fiber pull test is shown in Figure 3.9; more specifi-
cally, the test shown is the side-pull test for the PM hybrid components. As discussed
previously, the parts tested for the fiber pull test for the 1 pm isolator were changed
after the shock test due to the short fiber of S/N: 81805060 and potentially damaged
part S/N: 81805129. The results for this test are shown in Table 3.15 as this test was
completed on the vacuum leg parts, after the TVAC test. The results of the 1pum isola-
tor pull test were mixed. It can be seen from Figure 3.10 that the part S/N: 81804734
has been damaged as the stress relief boots have become loose. This would suggest that
the fiber has become loose inside and damaged during the test. This can be seen by
the increase in I/L of 2.67 dB through the component in Table 3.15. However, the part
S/N: 81804721 passed the fiber pull test. Therefore, a partial-pass for the mechanical

leg for this component can be reported.
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Shock Axis PM Hybrid Non-PM Hybrid 1 pm Isolator
Level 29666 29688 1710015 17100348 81805129 81805060
+X  -0.10 0.00 0.00 0.00 -0.44 0.13
-X -0.18 0.01 -0.04 -0.10 -0.08 0.05
5002 +Y  -0.01 -0.03 0.04 0.02 0.14 0.46
-Y -0.08 0.04 0.00 0.02 -0.46 0.32
+7Z -0.02 0.08 0.01 0.02 -0.08 -0.15
-7 0.00 0.01 0.00 0.00 -0.30 -0.07
+X  -0.08 0.00 0.00 0.01 -0.26 0.11
-X -0.15 0.00 -0.01 0.00 0.03 0.26
1500 g +Y 0.00 0.00 -0.01 0.00 0.34 -0.3
-Y -0.04 0.13 0.00 0.00 -0.43 -0.09
+7Z -0.12 0.01 0.01 0.00 0.11 0.37
-7 -0.10 -0.01 0.01 0.00 0.29 -0.14
+X  -0.04 0.00 0.01 0.00 0.40 -0.46
-X 0.06 0.00 0.01 0.00 0.44 0.01
3000 g +Y 0.00 -0.03 0.00 0.00 0.17 -0.34
-Y -0.19 -0.04 0.00 0.00 -0.33 0.36
+7Z -0.07  -0.01 0.01 -0.01 -0.02 0.04

-Z 0.04 0.00 0.00 -0.01 -0.46 -0.41

Table 3.8: Measured change in insertion loss between shock axes at levels of 500 g, 1500
g, and 3000 g for the passive optical components tested. Units: dB

The PM hybrid part, S/N: 29688 was damaged during shipping to the test house.
The result of this damage can be seen in the lower part of Figure 3.11, where only
two small stubs of fiber remain on the input side. The test was still completed on
the output fibers. Following the test, the pump fiber and output fiber were still intact
meaning that a pump port I/L could be recorded and reported. It was found that the
pump port functioned correctly, adding further evidence to that the part S/N: 29688
became damaged during shipping and not a result of the pull or shock tests.

During the fiber side-pull test of the non-PM hybrid part, S/N: 17100515, more than
12 N of force (specified amount: 2.25 N) was applied to the fiber due to an error with
the test fixture. This caused pump fiber to be pulled out of the package. The extent
of the damage can be seen in Figure 3.12. The result was that the pump insertion loss
could not be measured. Additionally, this over load of the fiber would cause damage

within the package of the device and would misalign any optics inside the package due
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Figure 3.10: Photo of the pull-test failed isolator. It can be clearly seen that the strain
relief boots have become loose (circled).

to a fiber being pulled out of the system. Therefore the increase in signal I/L and
signal tap ratio shown in the post-pull measurement in Table 3.11 can be attributed
to the over loading of the pump fiber. This conclusion is further evidenced by the fact
that measurements made for the other non-PM hybrid part (S/N: 17100348) showed
no degradation in any test parameter following the fiber pull test.

A summary of the pre- & post-measurements of each test are shown in Tables

3.9-3.11 with all units in dB. Each measurement is shown along with a A between
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Figure 3.12: Photo of the returned non-PM hybrid components, post-fiber pull test.

each test showing the degradation of the parts from the initial measured value. No
A has been included for isolation or PER as these values are not used as part of the
pass/fail criteria. Where isolation measurements are the same as the initial value,
the isolation measurement was not successful as too low a signal was passed from the
common — signal port to be measured using the same power meter. This indicates a
high isolation and if the signal path was broken, then this would be shown in the signal
path I/L measurement. The same calibrated power meter was used through the test

campaign to provide consistency in the data and reduce drift in the measured values.
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S/N Test Sig. I/L Sig. Iso Sig. PER
Initial 1.5 34.00 34.0
Post Vib. 1.89 34.00 32.6
A 0.39 - -
81805129 Post Shock 12.87 34.00 29.1
A 11.37 - -
Post Fiber-Pull N/Al
Initial 1.3 32.00 39
Post Vib. 1.55 32.00 34.4
A 0.25 - -
81805060 Post Shock 1.75 34.00 27.0
A 0.45 - -
Post Fiber-Pull N/Al

1 Pull test not completed on these parts. See TVAC components
for pull test result.

Table 3.9: Result summary of the mechanical leg for the 1 pm isolator. All units are
in dB.

S/N Test Sig. I/ P.I/L Sig. Tap Sig. Iso Sig. PER

Initial 0.72 0.31 22.26 58.00 37.9
Post Vib. 0.98 0.21 22.61 72.66 40.6
A 0.26 -0.10 0.35 - -
29666 Post Shock 1.22 0.42 22.68 58.00 39.3
A 0.50 0.11 0.42 - -
Post Pull 0.95 0.12 22.57 66.25 35.9
A 0.23 -0.19 0.31 - -
Initial 0.97 0.33 22.22 56.00 32.3
Post Vib. 1.31 0.41 22.37 56.00 31.3
A 0.34 0.08 0.15 - -
29688 Post Shock 1.27 0.17 22.47 56.00 35.4
A 0.30 -0.16 0.25 - -
Post Pull 1 0.01 1
A N/A -0.32 N/A

I Measurements not made due to damage during shipping.

Table 3.10: Result summary of the mechanical leg for the PM hybrid components. All
units are in dB.
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S/N Test Sig. I/L P.I/L Sig. Tap Sig. Iso

Initial 1.00 0.41 20.55 56.00

Post Vib. 1.19 0.17 20.57 58.72
A 0.19 -0.24 0.02 -

17100515 Post Shock 1.41 0.28 20.74 56.00
A 0.41 -0.13 0.19 -

Post Pull 2.87 1 27 56.00
A 1.86 N/A 6.45 -

Initial 0.84 0.50 20.4 60.00

Post Vibration 0.48 0.50 20.4 55.20
A -0.36 -0.39 0.00 -

17100348 Post Shock 1.10 0.28 20.50 57.40
A 0.26 -0.22 0.10 -

Post Pull 0.67 0.14 20.29 60.00
A -0.17 -0.36 -0.11 -

112 N of force loaded onto fiber which caused breakage. See commentary
for more details.

Table 3.11: Result summary of the mechanical leg for the non-PM hybrid components.
All units are in dB.

3.4.2 Thermal

Shown in Tables 3.12-3.14 are the results for the thermal leg of the test campaign.
These tests were completed internally at G&H Torquay. Figure 3.13 shows the devices
in the test chambers for the tests completed in this leg. Both devices were tested before
and after each test and A calculated between each test.

It was found that little or no degradation in performance was found in these com-
ponents after test. Therefore, it can be said that all the parts passed this test leg and

are suitable for the anticipated thermal and storage humidity environment.
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Figure 3.13: Parts placed in the (a) thermal & (b) humidity chamber.

S/N Test Sig. I/L Sig. Iso Sig. PER

Initial 1.33 33.00 38.3
Post Thermal 1.51 33.00 35.7

61802169 A 0.25 - -
Post DH 1.65 32.08 32.10

A 0.32 - -
Initial 2.20 34.00 36.6
Post Thermal 1.73 34.00 33.2

81804859 A -0.47 - -
Post DH 2.07 30.22 32.7

A -0.13 - -

Table 3.12: Result summary of the thermal leg for the 1 pm isolator. All units are in
dB.

S/N Test Sig. I/LL P.I/L Sig. Tap Sig. Iso Sig. PER

Initial 0.77 0.37 21.99 55.00 33.7
Post Thermal 1.21 0.33 22.00 55.00 30.7

29630 A 0.44 -0.04 0.01 - -
Post DH 1.07 0.27 22.20 65.73 38.7

A 0.30 -0.10 0.21 - -
Initial 1.03 0.37 21.99 57.00 34.5
Post Thermal 1.31 0.34 22.01 57.00 32.8

29632 A 0.28 -0.03 0.02 - -
Post DH 1.45 0.81 22.06 66.58 26.4

A 0.42 0.44 0.07 - -

Table 3.13: Result summary of the thermal leg for the PM hybrid components. All
units are in dB.
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S/N Test Sig. I/L P.I/L Sig. Tap Sig. Iso

Initial 0.95 0.42 20.59 57.68
Post Thermal 1.34 0.20 20.46 52.66

17100571 A 0.39 -0.22 -0.13 -
Post DH 1.44 0.11 20.38 53.09

A 0.49 -0.31 -0.21 -
Initial 0.93 0.56 20.80 54.50
Post Thermal 0.74 0.48 20.34 61.64

17100507 A -0.19 -0.08 -0.46 -
Post DH 0.75 0.10 20.35 59.04

A -0.18 -0.46 -0.45 -

Table 3.14: Result summary of the thermal leg for the non-PM hybrid components.
All units are in dB.

3.4.3 Vacuum

Shown in Tables 3.15-3.17 are the results for the vacuum leg of the test campaign.
The vacuum leg of the test campaign was completed at Alter Technology, Madrid and
the same chamber was used for both the rapid depressurisation test and TVAC test.
Figure 3.15 shows the parts placed within the TVAC chamber before the test leg was
commenced.

Upon return from TVAC testing fibers on all of the devices were found to be yellow
(see Figure 3.15). When the fiber is stripped it shows a clear glass cladding and
core (Figure 3.15 (bottom)) illustrating that the discolouration has occurred in the
acrylate buffer of the fiber. This is a well known problem for fiber being used in long-
lifetime applications and is a common observation when accelerated life tests at high
temperatures are commenced.

Based on the data shown in Tables 3.15-3.17, all parts pass the vacuum leg of the
test campaign. The only failure was observed in the 1 pm isolator part S/N: 81804734

after the pull test. This failure has been addressed in Section 3.4.1.

105



Chapter 3. Environmental Testing of Fiber Optic Components for Space Applications

S/N Test Sig. I/L Sig. Iso Sig. PER

Initial 1.70 32.00 31.1

Post Rap. Depres. 1.75 36.11 27.40
A 0.05 - -

81804734 Post TVAC 2.07 32.00 31.6
A 0.37 - -

Post Pull 4.39 32.00 36.8
A 2.67 - -

Initial 1.67 33.00 36.5

Post Rap. Depres. 1.99 33.10 42.7
A 0.32 - -

81804721 Post TVAC 2.14 33.00 37.2
A 0.47 - -

Post Pull 1.85 33.00 36.1
A 0.18 - -

Table 3.15: Result summary of the vacuum leg and fiber pull test for the 1 pm isolator.
All units are in dB.

S/N Test Sig. I/L P.I/L Sig. Tap Sig. Iso Sig. PER

Initial 1.15 0.27 22.14 50.00 36.9
Post Rap. Depres. 1.20 0.46 22.33 66.30 32.4

29625 A 0.05 -0.05 0.19 - -
Post TVAC 1.17 0.17 22.40 50.00 34.1

A 0.02 -0.34 0.26 - -
Initial 1.23 0.44 22.12 45.00 34.7
Post Rap. Depres. 1.18 0.44 22.12 65.80 32.0

29623 A -0.05 -0.06 -0.16 - -
Post TVAC 1.71 0.12 22.33 45.00 27.1

A 0.48 -0.32 0.21 - -

Table 3.16: Result summary of the vacuum leg for the PM hybrid components. All
units are in dB.
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Figure 3.14: Photo of the tested parts in the TVAC chamber prior to 1000 hour life
test. Photo credit: Alter Technology

Figure 3.15: (Top) Photo of the 1 pm isolators post-TVAC showing the discoloured
fiber. (Bottom) Photo of stripped discoloured fiber. Glass cladding and core is shown
boxed in red.

3.4.4 Radiation

The radiation testing was completed at Alter Technology, Seville. Photos of the test
setup are shown in Figure 3.16. Only one component of each type was tested at a dose
of 30 and 100 kRad for it’s radiation response. The results are summarised in Tables
3.18-3.20.

It can be seen that for both the PM and non-PM components, that failures occur
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S/N Test Sig. I/L P.I/L Sig. Tap Sig. Iso

Initial 0.94 0.38 20.31 54.60
Post Rap. Depres. 1.19 0.12 20.67 61.07

17100526 A 0.25 -0.26 0.36 -
Post TVAC 1.26 0.24 20.60 61.07

A 0.32 -0.14 0.29 -
Initial 0.98 0.37 20.43 53.61
Post Rap. Depres. 1.12 0.10 20.60 54.49

17100363 A 0.14 -0.27 0.17 -
Post TVAC 1.16 0.20 20.71 57.82

A 0.18 -0.17 0.28 -

Table 3.17: Result summary of the vacuum leg for the non-PM hybrid components.
All units are in dB.

at doses of 100 kRad but pass at 30 kRad, thus providing a result of a partial-pass.
Failures are found in the pump path I/L for the PM component and all I/Ls for the
non-PM component. This would suggest that the output stage of the hybrid component
is affected by radiation as the pump part of the hybrid will be after any losses caused
by damage to the tap or isolator parts.

Although this failure mode is unknown, it shows that these devices are suitable for
use at LEO (lower radiation dose). This is important as hybrid components would typ-
ically be used in applications where the SWaP is limited which is almost exclusively in
spacecraft operating at LEO, not GEO where a larger rocket and spacecraft is common.
For satellites operating at LEO, they are designed with SWaP in mind to reduce both
spacecraft and launch cost. Typically these are commercial spacecraft used in satellite
constellations where a large number of satellites are manufactured and launched so cost

is important.
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Figure 3.16: Photos of the radiation test setup. Shown are the part packaged (a) before
being placed in the test chamber (b).

S/N Dose Test Sig. I/L Sig. Iso Sig. PER
Initial 1.91 32.00 22.9
81804733 100 kRad Post Radiation 2.11 41.48 30.5
A 0.20 - -
Initial 1.45 34.00 34.1
81805042 30 kRad Post Radiation 1.69 27.82 36.2
A 0.24 - -

Table 3.18: Result summary of the radiation leg for the 1 pm isolator. All units are in
dB.

S/N Dose Test Sig. I/L P.I/L Sig. Tap Sig. Iso
Initial 0.78 0.39 20.30 52.00
1710056 30 kRad Post Rad. 0.82 0.64 20.65 63.34
A 0.04 0.25 0.35 -
Initial 1.10 0.42 20.42 63.87
17100325 100 kRad Post Rad. 2.17 1.39 21.53 65.76
A 1.07 0.97 1.11 -

Table 3.20: Result summary of the radiation leg for the non-PM hybrid components.
All units are in dB.

3.4.5 Summary and Discussion of Results

Based on the results shown in the previous sub-sections, a summary of the reported
results is shown in Table 3.21. All tests were a pass apart from the 1 pm isolator

mechanical leg, where one part failed the fiber pull test, and the 100 kRad test on both
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S/N Dose Test Sig. I/L P.I/L Sig. Tap Sig. Iso Sig. PER

Initial 1.17 0.68 22.05 58.00 39.6
29684 30 kRad  Rad. 0.88 0.68 21.94 65.8 31.5
A -0.29 0.00 -0.11 - -
Initial 1.19 0.73 22.21 50.00 30.9
29653 100 kRad  Rad. 1.43 1.88 21.96 67.45 37.1
A 0.24 1.15 -0.25 - -

Table 3.19: Result summary of the radiation leg for the PM hybrid components. All
units are in dB.

classes of hybrid component.

Result
1 pm Isolator PM Hybrid Non-PM Hybrid

Mechanical =~ Partial-Pass _
Therma|_ [ RaSS I Pass N Pass
Vacuun_ [PASS I Pas I Pass
Radiation _ Partial-Pass Partial-Pass

Table 3.21: Summary of Passive Component Testing.

Test Leg

For LEO applications, this data shows that both classes of hybrid component are
suitable for space applications and can be incorporated in future designs. However,
their use in GEO applications is limited as additional radiation shielding would be
required. The trade-off between the additional mass required for the shielding versus
using traditional fused fiber components and isolators would be needed, with the most
likely outcome being that traditional parts being used due to the risk-averse nature of
the space industry.

The 1 pm isolator testing is inconclusive due to two reasons. The first is that only
one part (S/N: 17100515) failed the shock testing which conflicts with the data provided
immediately after the shock test. This leads to the conclusion that the part became
damaged during shipping, however this cannot be confirmed. The second reason is that
one part (S/N: 81804734) failed the fiber pull test. Because of this the mechanical leg is

a partial-pass and inconclusive. Future work would focus on re-testing this part using
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a larger sample size for the pull-test to discern whether this failure was due to poor
build quality or is an anomalous result. At this stage the 1 pm isolator tested can be
still be considered to be used in space but must be re-tested before qualification or a

lot-validation test used for the part.

3.5 Double Clad Er/Yb-Doped Optical Fiber Testing

For optical amplifiers, double clad fibers are typically used in high power applications
due to their higher efficiencies (see section 2.1.5 for more details). As space-based laser
communications as a field is maturing, a shift towards amplifiers providing an output
power > 1 W to provide higher data rates is occurring. Therefore, the impact of the
space environment on this class of fiber must be considered. As discussed previously in
section 2.2.3, the main threat to Er/Yb-doped optical fibers is that of y-radiation.

To test these fibers to a suitable level, radiation levels of 30 kRad and 100 kRad were
chosen as this reflects a 10-year lifetime in the two most common orbit environments,
LEO and GEO, respectively. The radiation dose rate used was 0.21 kRad/h. The
fibers selected were chosen such that a mix of COTS and rad-hard fibers were chosen.
A summary of the fibers chosen is shown in Table 3.22 and cross-sectional photos of
each 6 nm fiber are shown in Figure 3.17 confirming that all 4 fibers tested were of
a PANDA-PM variety. ErYb#5 is also a PANDA-PM fiber based on the design of

ErYb#1 but with a larger core diameter of 12 pm.

3.5.1 6 pm EYDF Testing and Results
Test Setup

The fiber amplifier setup which was used to test fibers ErYb#1, #2 & #3 is shown
in Figure 3.18. It shows that these fibers were tested in a co-propagating scheme with
the output power and spectra collected through the use of an power meter and OSA,
respectively. The fiber lengths tested were kept to a set length of 7 m to provide com-
parative measurements. The input power was fixed to +10 dBm and signal wavelength

swept via the use of a tunable laser and variable optical attenuator (VOA). ErYb#4
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f‘]:l)ber Fiber Description Key Parameters
Eryb#1 6/130 PM ErYb Clad. abs. @ 915 nm = 0.82 dB/m
co-doped with cerium Core abs. @ 1536 nm = 34.2 dB/m

Clad. abs. @ 915 nm = 0.67 dB/m
Core abs. @ 1535 nm = 62.7 dB/m

Clad. abs. @ 915 nm = 0.51 dB/m
Core abs. @ 1535 nm = N/A

Clad. abs. @ 915 nm = 0.82 dB/m
Core abs. @ 1535 nm = 40.0 dB/m

Clad. abs. @ 915 nm = 1.8 dB/m
Core abs. @ 1536 nm = > 30.0 dB/m

ErYb#2 PM 6/128 ErYb

ErYb#3 PM 6/125 ErYb

ErYb#4 PM 6/125 ErYb

ErYb#5 PM 12/130 ErYb

Table 3.22: ErYb fibers selected along with their key parameters.

was tested in a similar manner with the only change being that it was pumped in a
counter-propagating fashion. The reason for counter-pumping ErYb#4 was that the
output power was trying to be maximised in the 0 kRad test. Therefore, to keep RIA

data consistent, the same pumping scheme was kept for the irradiated fibers.

Results

Before the irradiated active fibers were placed in an active configuration, a cross-
sectional image, shown in figure 3.19 was taken to provide a quantifiable understanding
of any macroscopic changes to the fiber. When compared to the images in 3.17 there
are little differences between the pre- and post-radiation images. The majority of dif-
ferences between the images are a result of a variation of fiber illumination. The one
main change is the slight red tint seen across the fiber, especially so in ErYb#4, which
is a result of short wavelength RIA in the 600-800 nm region. This is typical for non-rad
hard EYDFAs [3.7] with the tail of the absorption region effecting pump wavelengths
in the 915-940 nm regime and therefore the amplifier performance. From these results
it would appear that ErYb#4 would provide the worst radiation response in an am-
plifier configuration. It is most likely a result ErYb#4 having a larger proportion of

Yb-doping, as shown by the cladding and core absorption measurements.
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Figure 3.17: Cross-sectional images of the 6 pm fibers to tested. ErYb#1,#2,#3 & #4
are shown in (a), (b), (c) & (d) respectively.

Figure 3.18: Amplifier test setup for testing of ErYbl, 2 & 3.

RIA results for ErYb#1-ErYb#4 are shown in Figures 3.20-3.23, respectively. It
shows the amplifier performance for each ErYb fiber with measurements completed at a
dose of 30 kRad and 100 kRad for all 4 fibers and at 0 kRad for ErYb#2 and ErYb#4.
The reason for this was a problem with the test setup damaging ErYb#1 fiber loops at
0 kRad. The source for this damage was a damaged isolator, causing spurious lasing
to occur in the fiber and therefore unwanted power spikes. The cause of this damage is
most likely due to pumping the ErYb fiber at a gain of over or near 20 dB, increasing
the power observed at 1064 nm which could then damage the isolator. The length of
each fiber is 7.3 m for ErYb#1,#2 #3 and 8 m for ErYb#4.

A summary of the ErYb#1 results is shown in Table 3.23 for ErYb#1. The amplifier
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Figure 3.19: Cross-sectional images of the 6 pm fibers irradiated to a dose of 100 kRad.
ErYb#1,#2,#3 & #4 are shown in (a), (b), (¢) & (d) respectively.

exhibited a drop in gain of 1.67 dB at 1550 nm between doses of 30 kRad and 100 kRad.
As no data was available for the same fiber at 0 kRad, the data was extrapolated
assuming linear degradation, to provide an initial output power of 30.02 dBm.

With a gain degradation of 2.38 dB/100 kRad, it is expected that the evident radi-
ation drop can be recovered by increasing the pump power and pumping the amplifier
at a higher inversion level. This may only be possible when pumping the amplifier
below pump powers of 11.3 W. Therefore for low power applications ErYb#1 may be
suitable. However, for higher output power (> 1 W) applications a different ErYb fiber
or multiple stage of ErYb#1 must be used. This due to problems caused by 1064 nm
parasitic lasing and limited output power due to a small core and low amount of ErYb
doping to avoid RIA.

A summary of ErYb#2’s results is shown in Table 3.24. ErYb#2 shows promise as
a ErYb-doped fiber to be used in space applications. With a drop of 1.78 dB at 1550
nm from 0 kRad to 30 kRad, this is similar to ErYb#1 (a rad-hard fiber by design).

However, performance worsens when approaching 100 kRad with a total gain drop of
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Figure 3.20: Amplifier performance of ErYb#1 after irradiation at 30 kRad (solid) and
100 kRad (dashed).

A (nm) AG30_100 AG/]_OO kRad

1535 1.63 2.33
1540 1.54 2.21
1550 1.67 2.38
1564 1.48 2.12

Table 3.23: Summary of gain degradation of ErYb#1 at a pump power of 11.3 W.
Units: dB.

5.11 dB from 0 kRad, which is over double the loss seen by ErYB#1. Therefore, this
fiber is suitable for low dose applications, such as for use at LEO, or for high dose
applications with some spot shielding being provided by aluminium casing and the
pump power being adjusted to fully invert the fiber to avoid signal re-absorbtion and
help with reducing RIA by photobleaching.

A summary table for ErYb#3 is shown in 3.25 with extrapolated 0 kRad values.
It shows that ErYb#3 performed poorly with an induced gain drop of 11.48 dB/kRad.
Because of this high measured RIA ErYb#3 can be discounted as a suitable fiber to
use in space applications. This would still be the case if spot shielding was used to

reduce the dose, even at low radiation environments such as LEO.
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Figure 3.21: Amplifier performance of ErYb#2 after irradiation at 0 kRad (solid), 30
kRad (dashed) and 100 kRad (dotted).
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Figure 3.22: Amplifier performance of ErYb#3 after irradiation at 30 kRad (solid) and
100 kRad.
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A (nm) AGO_30 AG30_100 AG/]_OO kRad

1535 1.80 3.31 5.11
1550 1.78 3.33 5.11
1564 1.62 3.22 4.84

Table 3.24: Summary of gain degradation of ErYb#2 at a pump power of 6.0 W. Units:
dB.

A (nm) AG30_100 AG/lOO kRad

1535 8.04 11.48
1540 8.15 11.64
1550 8.38 11.97
1564 8.70 12.42

Table 3.25: Summary of gain degradation of ErYb#3 at a pump power of 11.3 W.
Units: dB.

Table 3.26 shows a summary of the observed RIA for ErYb#4. It shows that
ErYb+#4 is not suitable for use in the space environment, even a low dose orbit or by
using spot shielding. This is because is shows worst degradation than ErYb#2 at a dose
of 30 kRad and although it can be reduced by using shielding, the amount of shielding
needed makes using this fiber infeasible. In addition, this conclusion is in agreement

with other data suggesting that this fiber is not suitable for space applications [3.8].

A (nm) AG0_30 AG30_100 AG/lOO kRad

1535 2.78 1.76 4.54
1540 291 2.43 5.34
1550 3.40 3.35 6.75
1564 4.08 2.51 6.59

Table 3.26: Summary of gain degradation of ErYb#4 at a pump power of 6.0 W. Units:
dB.
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Figure 3.23: Amplifier performance of ErYb#4 after irradiation at 0 kRad (solid), 30
kRad (dashed) and 100 kRad (dotted).

3.5.2 12 pm EYDF Testing and Results

To develop laser transmitters with an output power > +30 dBm, a larger core , double-
clad fiber was used to increase the gain available to the signal. Typically, a larger core,
double clad fiber is used as the second (or later) stage of a HPA with the first stage
typically being core-pumped only. Figure 3.24 shows the optical schematic of the test
setup. The fiber length was fixed at 5.5 m, the input power at 35 mW and signal
wavelength at 1550 nm, although measurements were made at 1540 nm and 1560 nm.
The output power was monitored via both an OSA and power meter (not shown). Care
was taken on the output fiber as it was a bare fiber, an angle cleave was used such that

back-reflected light was minimised.

DUT

[ |
) =

Figure 3.24: Test setup used to assess ErYb#5’s amplifier performance.

118



Chapter 3. Environmental Testing of Fiber Optic Components for Space Applications

Results showing the amplifier performance of ErYb+#5 is given in Figure 3.25. It
shows that for a dose of 100 kRad an output power of 35.05 dBm (3.2 W) is achievable.
More interestingly, Figure 3.25 shows an average degradation in gain of 0.15 dB/100
kRad, showing hardness to radiation which is encouraging. The reason for this that
at this point the fiber is being operated at high pump powers which are providing a
source of photobleaching to the RIA, thus reducing it’s effect on the gain performance
of the fiber [3.9], [3.10].

Due to the nature of this surprising result and on reporting this result to ESA
a repeat set of the measurements at a wavelength of 1560 nm was completed and
results given in Figure 3.26. Both measurements were completed on fiber that had
been irradiated at 100 kRad with the data presented for the repeat set shown as 'Re-
Run’ in Figure 3.26.

It must be noted that the output power of the test conducted in this section only
reaches a value of 33.2 dBm and not 35.02 dBm as previously achieved. This was due
to the fiber Q-switching due to SBS. SBS is a non-linear effect, which limits high-power
fiber amplifier /laser operation, where acoustic waves form in the fiber due to photons
scattering within the fiber core. This can cause a large power build up and cause fiber
damage.

No SBS events occurred on the previous characterization as the input source was a
tunable laser that had a broader spectral bandwidth than the narrow linewidth DFB
source used for the repeated set of measurements. As SBS is related to the acoustic
vibration of the glass lattice it has a narrow resonant frequency/bandwidth of approx-
imately 50 MHz. Stimulated energy transfer only occurs effectively if the driving and
frequency shifted light are precisely separated in frequency by the resonant frequency
of the lattice. To this end if a broadband signal is used then this coupling does not
happen efficiently with the driving optical power being averaged over the creation of
acoustic phonons with different frequencies.

In laser transmitters, typically a DFB would be used as a source laser — which if
operated unmodulated typically would have a bandwidth < 50 MHz increasing the risk
of SBS, but would be broadened if modulated. The modulated linewidth depends on the
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Figure 3.25: Amplifier performance of ErYb#5 as a function of pump power at a fixed
wavelength of 1550 nm and input power of 35 mW.

modulation frequency/scheme, but the threshold is at least doubled if the modulation
frequency is > 50 MHz [3.11]. Therefore Watt-level laser transmitters/amplifiers should
not be used in an unmodulated manner.

From Figure 3.26 it can be clearly seen that the two tests both show similar values,
thus supporting the conclusions that were previously made. As a measure of comparing
the two results, linear fits were made on the two lines, yielding the fiber efficiency, and
the gradient of each line compared. The efficiency for the original test was 15.26 %
while the efficiency for the re-run test was 14.22 %. This equates to a percentage
difference in the two efficiencies of 6.82 %, well within the measurement error for the
two tests. Measurement error is typically 5 % but in this case the error was increased

for three reasons:

o Components differences between the tests such as the source, optical isolators and

optical combiners and pumps.

e Variations in component attributes such as coupling ratios in the combiners and

variations in insertion loss in both the optical isolators and combiners
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Figure 3.26: Amplifier performance and re-run data of ErYb#5 at a wavelength of
1560 nm and irradiated dose of 100 kRad. Fiber failure occurred at an output power
of 33.2 dBm.

e Process variability, such as splice losses including PER loss, fiber coiling losses and
viability in pump absorption, power meter imprecision and power supply/driver

imprecision.

In terms of conclusions to be drawn from this testing, it can be said that the
previous results hold true for this batch of fiber irradiated at 100 kRad. This is because
in the two tests that have been carried out a high amount of similarity between the
two data sets is shown with some variation due to measurement error. This repeated
measurement does highlight the difficult in accurately measuring the gain change of
the radiation hardened EYDFAs under ~v-irradiation — especially when running in the

high gain operation outlined in this section that may mask RIA.

3.5.3 Comparison of results

A comparison of the each tested ErYb fibers’ RIA is given in Table 3.27 for a fixed signal
wavelength of 1550 nm, the baseline signal wavelength for a C-band based system. Its

shows that ErYb#5 is the best fiber in terms of RIA performance (0.15 dB/ 100 kRad).

121



Chapter 3. Environmental Testing of Fiber Optic Components for Space Applications

Fiber AG30_100 AG-/]_OO kRad

ErYb#1 1.67 2.38
ErYb#2 1.78 5.11
ErYb#3 8.38 11.97
ErYb#4 3.35 6.75
ErYb#5 - 0.15

Table 3.27: Comparison of tested ErYb fibers at a signal wavelength of 1550 nm. Units:
dB

However, ErYb#5 is designed with a larger core and is of a specialist, radiation-
hardened nature. This therefore raises two issues. The first is that because it is a
specialist fiber, the cost of this fiber is high when compared to the other fibers (includ-
ing ErYb#1). The second is issue is that of it having a 12 pm core. This is because
for operation in the 1 W regime, there are more efficient ways of reaching the output
power and reducing the ASE noise generated by the amplifier.

In the case of the 1 W regime, ErYb#1 shows the best RIA performance (2.38
dB/100 kRad) of the 4, 6 pym core diameter ErYb fibers tested. Once again, this is
a radiation hardened ErYb fiber co-doped with cerium and has a higher cost when
compared to ErYb#2,#3 and #4. For commercial applications, the use of a specialist
fiber can be not feasible due to cost constraints. A trend which is becoming more
commonplace in the space industry as more satellite constellations are being built and
flown. Therefore for commercial applications, the COTS fiber ErYb+#2 is most suitable
as it displays the lowest RIA of the 3 COTS ErYb fibers. Although an unacceptable
amount of RIA is reported for a dose of 100 kRad, the degradation of gain at 30 kRad is
comparable to ErYb#1. This means the same performance as a specialist fiber can be
achieved in low dose environments such as LEO or in higher dose environments when

spot shielding can be used to reduce the dose observed by the fiber.
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3.6 Conclusion

To conclude, 3 new classes of passive optical component were tested to assess their
suitability for space applications. These were a compact 1 pm isolator, PM hybrid and
non-PM hybrid components. These passive components underwent a test campaign to
assess their mechanical, thermal, vacuum and radiation performance to levels compa-
rable to those seen in the space and launch environment. It is reported that for LEO
applications that both classes of hybrid component are suitable for space applications
and can be considered for further use within space laser transmitter designs. The status
of the 1 pm isolator is unclear however due to a failure of one part in the fiber-pull
test and another single part failure in the shock test. These can still be considered for
future use yet must be assessed further before incorporation into any design.

In addition, 5 ErYb-doped fibers were assessed for their use in space by charac-
terising their RIA at steps of 30 kRad and 100 kRad. For operation in the 30 dBm
regime, it can be concluded ErYb#1 was the most resilient. However, this is a spe-
cialist radiation-hardened fiber which is very costly so is not suitable for low-cssost
applications. ErYb#2 shows promise of being used up to doses of 30 kRad, making
it suitable for use in LEO. For amplifiers in the multi-Watt regime, it has been shown
that ErYb#5 was resilient to radiation with a reported loss of 0.15 dB/100 kRad and
that any change in output power is within measurement error.

With these results, it gives confidence into designing the systems which are presented
in later chapters as some of the parts to be used have now been proven to be at a TRL
4. The next steps would be to integrate them into a larger amplifier /transmitter system

such that their TRL level can be raised further to TRL 5/6.
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Chapter 4

Low-Power Laser Transmitters

for CubeSat-class Applications

4.1 Introduction

With the emergence of the CubeSat, a micro-satellite standard originally designed for
low-cost and rapid prototyping by both universities and private organisations, there
is great commercial interest in using these class of satellite to provide cheap access
to space. Since 1998 there has been a total of 966 nano-satellites launched with a
forecast of over 3000 nano-satellites to be launched in the next 6 years. The main
driver for this is CubeSat constellations making up a large majority of the launches.
The main applications for CubeSat constellations can be the same as traditional LEO
satellite constellations (e.g. communications, Earth observation and internet of things).
However, because of the CubeSat’s inherent smaller size, a larger number of satellites
is needed to accomplish the same task.

As is with small satellites, there is becoming an increasing strain on traditional RF
communications there has been investigation into using lasercom as a communication
technique. Currently, the main method of downlink is through RF technologies as
lasercom for CubeSat platforms has still not been demonstrated to a good enough level
to warrant usage of RF systems.

Academic research into laser transmitters for CubeSats originated from MIT [4.1].
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Which has provided some solutions to lasercom from CubeSats but has not yet been
proven in-orbit. Commercial research through NASA’s OCSD program in partnership
with Aerospace Corp. has demonstrated a link at 100 Mb/s using 1064 nm technology
[4.2]. Meanwhile, Fibertek Inc. have shown research into developing a C-band laser
transmitter for CubeSats but this only in the developmental stage [4.3], [4.4]. For more
information on these systems see Section 2.3.2.

This chapter will describe the efforts in designing a low-power, CubeSat LTX so

that this problem can be addressed. It will focus upon the LTX design in the areas of:

e Optical architecture and design;
e Mechanical design;
e Electrical architecture and design (where applicable);

e Thermal design.

In addition to presenting the design, the assembly and integration of the LTX will
be shown along with testing with a aim to verify the design. At the end of this chapter,
the LTX will be at a TRL of 5-6, paving the pathway towards qualification and flight.

4.1.1 The CubeSat

Originally developed in 1999 by California Polytechnic University and Stanford Univer-
sity [4.5], the CubeSat was originally conceived to provide a standard such that the cost
and effort of launching and operating a mission in space was greatly reduced. This has
since evolved and as of 2014 over 100 organisations are currently developing CubeSat
missions [4.6].

Shown in Figure 4.1 is the typical layout of a CubeSat. A CubeSat consists of a
1000 cm? cube weighing 1.33 kg. This is known as 1U and is the typical size of most
CubeSats. However, more recently, 3U (10 x 10 x 30 cm) CubeSats are becoming
more prevalent for commercial missions due to the extra volume and surface area, for
solar power generation, available over 1 U CubeSats. The actual workable space for

1U as defined by the design specification [4.6] is 96 x 96 x 96 mm with the extra space
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taken up by the mechanical support structure. PCBs are typically arranged in a stack
configuration which allows for 'plug-and-play’ modules to be developed, in-turn reduces

developmental efforts as developers can focus on the payload of the spacecraft.

Figure 4.1: Photos showing the typical structure of 2 typical CubeSats (FUNcube).
From: [4.7]

4.1.2 CubeSat Capabilities
Power Generation

Power generation on-board CubeSats is limited and is now becoming a limiting factor
in designing missions. Currently, CubeSat power is generated via solar panels and is
limited by the solar panel surface area and the presence of any batteries on-board. For
a 3 U CubeSat with deployable solar panels, it can typically provide an average power
of approximately 10 - 20 W with the ability peak power generation 60 W if a battery
is used [4.8].

Pointing and Tracking

Pointing and tracking, provided via the attitude, determination and control system,

greatly limits applications where telescopes are used due to their small divergence/light
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collection angle. Previously, a pointing accuracy of 2.0° has been demonstrated in
orbit consistently [4.9]. Aerospace Corp.’s OCSD mission has been shown to provide a
greatly improved pointing accuracy of 0.024° [4.2] but this is still in the early stages of
the mission and has been only demonstrated once.

For optical communications, if suitable pointing of the spacecraft cannot be achieved
via the attitude control system, then the beam must be pointed via another method.
For a 1000 km downlink from LEO it has been shown that a telescope using a fine-

steering mirror can achieve the necessary pointing accuracy [4.10].

Communications

As CubeSats are becoming increasingly complex, communication sub-systems have been
moving to shorter wavelengths. The shift from UHF to Ku-band and then S/X-band
transmitters is driven by the need to provide larger bandwidths so that more data from
the spacecraft can be downlinked [4.11].

State-of-the-art CubeSat communications sub-systems provide a link in the S or X-
band. For example ClydeSpace, a major supplier to CubeSat missions, currently offer
a X-band transmitter which outputs a QPSK signal at a data rate of up to 50 Mbits™!
and power of 2 W. This transmitter has a mass of 150 g and a power consumption of
10 W.

Although for CubeSats 50 Mbits~! is a good data rate, optical communications, as
shown in this thesis, can easily provide data rates of up to 200 times this, up to a rate

of 10 Gbits~!, without having to compromise on many of these SWaP parameters.

4.2 Laser Transmitter Target Specifications

Shown in Tables 4.1-4.4 are the target system requirements for the low-power CubeSat
laser transmitter. To achieve TRL 5-6 the module is required to undergo testing on
the lab bench. However, for this thesis environmental testing at temperatures of -5 and

+50 °C shall take place to investigate the thermal performance of the LTX.
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Parameter Value Unit Notes
Operational wavelength 1535-1560 nm -
Source intrinsic linewidth < 500 MHz CW-operation
Min. output power 200 mW -
Modulation depth > 20 dB At 1.0 GHz
Data encoding scheme Amplitude - Initially OOK
Fiber type SM - Non-PM
SNR > 20 dB -
Output interface Bare Fiber - CubeCAT only
Output fiber type SMF28e+ - -
Rise time
Fall time 500 ps 10-90%
TX reflection isolation -23 dB -
Sldg Mode Suppression 30 IB i
Ratio
Table 4.1: Low-power CubeSat LTX optical specification.
Parameter Value Unit Notes
Specific to
Volume Custom - CubeCAT laser
terminal
Mass ~ 150 g TBD during AIT
Mechanical inter- . Exact interfacing
face Bolted to laser terminal structure TBD during AIT

Table 4.2: Low-power CubeSat LTX mechanical specification.
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Parameter Value Unit Notes
g;r)legreating temp. 5 to 450 °Cl i
Survival temp. range -45 to +85 °C -
Vacuum 108 Pa -

Vent rate 4 kPa/s -
Cooling Mechanism  Heat sink via spacecraft structure.

Humidity 20 to 80 % -
Vibration TBD - -

Shock TBD - -

Static loading TBD - -
Outgassing TML < 0.1 - Waivers needed for

CVCM< 0.01 % - some components

Ionising radiation 20 kRad -

Non-ionising radia- 10 MeV, 1.7e10 p/em? i i

tion
Table 4.3: Low-power CubeSat LTX environmental specification.

Parameter Min. Sp(reI(‘:}iil;i)(.:ationMaX‘ Unit Notes
Wall plug efficiency 10 - 20 % w/o TEC
Electrical interface 16-way high-rel connector - -
RF input impedance - 50 - Q -
Modulation bandwidth 0.1 - 1.25 GHz  Target: 2.5 GHz
Source forward voltage - 2.3 3.0 A% -
Source drive current - 375 500 mA CW @ 100 mW
Source TEC voltage - 0.1 4.0 A% -
Source TEC current - 0.1 4.0 A -
i 4 sewaw
Pump current transient - - 1.2 A Time = 1 s max.
Thermistor resistance 9.5 10.0 10.5 kQ T= 25°C

Table 4.4: Low-power CubeSat LTX electrical specification.
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4.3 Laser Transmitter Design

This section shall describe the LTX design and any simulations or breadboard testing
completed to preliminarily assess the design. A summary design process has also been
covered in a paper by the author: [4.12].

The LTX designed was done so in the remit of the CubeCAT project, a joint project
between G&H (UK), TNO and Hyperion Technologies B.V. (both NL). For the work
presented in this thesis, the LTX is fully designed by the author and focused upon the
light generation and amplification. TNO’s focus was on the telescope and supporting
mechanics. Hyperion B.V. developed the control electronics for providing a digital
interface to the LTX. Shown in Figure 4.2 is the CubeCAT terminal. It has a size
of 2 U (10x10x20 cm), a mass of 1 kg and has a total peak power of 10 W during
communications.

The LTX’s exact location and mechanical interfacing points are shown in Figure
4.3. It can be seen that that the mechanical volume is extremely limited and not of a
standard shape. This poses a design challenge in the fact that the opto-electronics and
fiber must fit within this volume whilst complying to the design rules given by G&H

for fiber routing.

Figure 4.2: 3-D printed mechanical fit check of the CubeCAT terminal. Image provided
by TNO.
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Figure 4.3: CAD image of the LTX’s location within the CubeCAT terminal.

4.3.1 Optical Architecture

Based on the system requirements an initial optical architecture was generated and is
shown in Figure 4.4. The optical architecture is based on a master-oscillator power
amplifier (MOPA) design consisting of the laser source (DFB) and a bi-directionally
pumped single stage EDFA.

T
Telescope

Figure 4.4: CubeCAT Optical Architecture. Splices are shown with circled numbers.

A single stage EDFA design was chosen as the required output power (min. 23
dBm) suggests that only 1, core-pumped EDFA stage is needed to provide the required
amplification from a DFB that outputs 10 dBm, CW power. Therefore a minimum
gain of 13 dB is needed, well within the operating capabilities of a core-pumped EDFA
which can typically provide gains of up to 20 dB. A bi-directional pumping scheme was
selected as this provides the best trade-off between output power and noise performance
when compared to a purely co-pumped or counter-pumped scheme.

A monitor PD has been chosen such that the CW power of the LTX can be moni-
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tored in-situ. As this is a CW measurement, the bandwidth of the PD must be lower
than the modulation bandwidth of the system (100’s of MHz).

Based on feedback from the end user (TNO) a bare fiber output will be provided
such that easy integration with a telescope can be facilitated by fitting a ferule to the
bare fiber at a later date. For future modules, depending on the application, a fiber

interface such as a mini-AVIM bulkhead can be considered to be used.

4.3.2 Optical Simulations

Optical simulations based on the optical architecture shown in Figure 4.4 were com-
pleted to assess its potential performance. The simulations were broken up into two

stages of investigation. These are:

¢ Continuous Wave Operation — Assessment of the LTX when operating in a CW
mode. These simulations will be able to conclude whether one amplification stage
is necessary to provide the correct output power over the wavelength range. In

addition, the noise and gain performance over wavelength will be investigated.

e Dynamic Operation — These simulations will assess the LTX performance in the
pulsed regime. I.e. when the DFB is being modulated with data. From this

simulated eye diagrams will be generated which can then be analysed.

To meet the output power requirements set out in Table 4.1, a simulation was
completed of the CW performance of the optical amplifier section. The simulation
tool (OASiX, supplied by the active fiber manufacturer OFS) was selected such that it
would provide the most accurate results for the active fiber to be selected; the tool was
provided by the manufacturer with a correct set of Gilles’ parameters of the fiber type
and lot for the amplifier stage to be simulated. Baseline design parameters of an input
power to the amplifier was set to +10 dBm, wavelength of 1545 nm, doped fiber loop
length of 6m and bi-directional pump power of 500 mW selected. These were selected
as these are the operational parameters for the first engineering model to be developed.
Three sets of simulations were completed such that the amplifier block can be properly

simulated:
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o CW output power v pump power - Figure 4.5;
¢ CW output power & NF v wavelength - Figure 4.6;

¢ CW output power & NF v input power - Figure 4.7.

Figure 4.5 shows the simulated CW output power performance against a varying, bi
directional pump power. Input power and wavelength were fixed at +10 dBm and 1545
nm. The output requirement of 200 mW (423 dBm) is shown with the red, dotted line.
Figure 4.5 shows that the output power specification is easily met at a value of 445 mW
(approx. half the maximum available pump power of 1W. In addition it shows that
with increasing the pump currents that an output power margin of 3.33 dB is allowed
to be lost over life through mechanisms such as component degradation and radiation
induced absorption, whilst still meeting the output power requirement of +23 dBm.
Thus it can be concluded that the use of a COTS-grade fiber is suitable for use within
the amplifier as a RIA of 3.33 dB is a large enough margin for the gain degradation
observed by the active fiber.

Output Power (dBm)

1 1 1 1
100 200 300 400 500 600 700 800 900 1000
Pump Power (mW)

Figure 4.5: Simulated CubeCAT LTX CW output power performance against pump
power for a fixed input power of +10 dBm, wavelength of 1545 nm and bi-directional
pumping scheme.

The simulated performance of the amplifier block over the optical C-band (1525-
1565 nm) is presented in Figure 4.6. The input power and pump power was fixed at

410 dBm and 500 mW, respectively. Figure 4.6 predicts stable performance across the
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C-band (0.48 dB stability) and an output power always above the requirement of 200
mW. The NF performance is as expected for a booster amplifier operating with the

active fiber in a fully inverted condition.

NF (dB)

Output Power (dBm)

35

2 I I I I I I 3
1525 1530 1535 1540 1545 1550 1555 1560 1565
Wavelength (nm)

Figure 4.6: Simulated CubeCAT LTX CW output power (black, solid) and NF (red,
solid) over the C-band for a fixed input power of +10 dBm and bi-directional pump
power of 500 mW.

The influence of input power to the amplifier block was simulated and results are
shown in Figure 4.7. The total bi-directional pump power and wavelength were set
to 500 mW and 1545 nm, respectively. As the active fiber is near full inversion it is
expected that the input power should scale linearly with input power but on a small
scale. I.e. The amplifier is saturated with respected to the input power. This shows
that as the DFB degrades over life. The CW output power of the LTX will not be
effected to a large degree. As the baseline operation point is near +10 dBm, it is
expected that the output power will not degrade below the EOL power requirement of
+23 dBm (200 mW) unless the DFB laser diode suffers a failure.

The dynamic operation of the system is due to the operation of the laser source, in
this case a DFB laser diode. The main purpose of this simulation was to find a suitable
modulation and bias current level to operate the DFB laser at 1 Gbps as this data rate
was given as the target data rate by the end user (TNO).

The baseline design is to modulate the laser diode to a power of +10 dBm from

near threshold current as this would provide the best extinction ratio between the ‘0’
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Figure 4.7: Simulated CubeCAT LTX CW output power (black, solid) and NF (red,
solid) against input power for a fixed wavelength of 1545 nm and bi-directional pump
power of 500 mW.

and ‘1’ levels. However, after speaking to component suppliers, the 50 §2 resistor used
in the bias-T of the DFB laser is only rated to 35 mW of RF power. With this in mind
this would limit the modulation current to pass through the resistor to be 24.5 mA.
As the degradation of the resistor over life has to be taken in to account, a maximum
modulation current value of 20 mA is suggested which corresponds to a 7 mW (+8.45
dBm). By comparing this value to the curve shown in Figure 4.7 it can be seen that
this value is acceptable to the system without degrading the performance of the LTX.

To assess the effect of modulation current, eye diagram analysis through OptiSystem
simulations were used to assess the effect of modulation current on the eye opening.
Three example eye diagrams are shown in Figure 4.8 at modulation currents of 4 mA
(red), 10 mA (dark yellow) and 20 mA (blue/grey). The simulation was set such that
the DFB DC bias was set at 45 mA and threshold current at 50 mA. This was to

7

provide a large enough extinction ration between the ‘1’ and ‘0’ bit would be present
such that a sensible bit discrimination level could be set. This can be seen in Figure 5
between the red (still below I}, ) and dark yellow (above Iyy,) curves.

To quantitatively assess the impact of modulation current, a graph of eye opening

factor, a ratio of the eye height (vertical opening of eye) to eye amplitude (difference

between mean values of ‘1’ and ‘0’ values) versus modulation current can be plotted
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Figure 4.8: Simulated Eye diagrams for a DFB modulation current of 2 mA (red), 10
mA (dark yellow) and 20 mA (grey/blue) with a DFB Ij;,s = 45 mA and Iy, = 50 mA.

(Figure 4.9). It can be seen that as the modulation current is increased, the eye becomes
more open as the modulation current is increased as expected. No measurement was
able at 2 mA due to the eye being too closed due to too much time jitter. However,
what is surprising is the increase in eye opening from 4mA to 10 mA. As this appear

to be a non-linear operating region, operation is not recommended in this location.
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Figure 4.9: A graph of simulated eye opening factor as a function of modulation current.

In an ideal situation, as high a value of modulation current should be selected but in
practice this is limited by the drive electronics. Based off external driver requirements
a modulation current of 10 mA is allowed. This in turn leads to an eye opening ratio

of 96% which is acceptable on a system level. With a modulation current of 10 mA
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selected, the DFB is predicted to output approximately 5 mW (+6.98 dBm). Based off
the results shown in Figure 4.7, the output power requirement is met even though the
input power to the amplifier stage has dropped. Based on the simulations discussed,

the current levels for the ‘1’ and ‘0’ bit can be set according to the diagram shown in

Figure 4.10.
— ‘1’ - 65 mA
————— ---t------t---F--q4---t-------- ,=55mA
0’ - 45 mA

Figure 4.10: Proposed drive current levels of the DFB laser.

4.3.3 Optical Breadboarding

To verify the optical design simulations, optical breadboarding took place. The bread-
board was built using the baseline components such that it would be representative of
the finished module. It focused on the two major optical blocks of the LTX. The source

laser was characterised through:

e The spectral performance of the source will be investigated via a OSA scan. This

will highlight the presence of any side modes or any other spectral issues.

e The dynamic performance will be investigated in which eye diagrams will be

generated at 100 and 500 Mbit s~

The optical engine (source and amplifier) were characterised by the four tests:

e Output power v pump current — A L-I curve for the optical engine will be mea-
sured, showing the required pump currents needed to operate the engine at the

required output power.

¢ Output power & NF v input Wavelength — As the laser used in this test operates
at 1550 nm (not 1545 nm), the performance of the optical engine over the C band
must be characterized to see if the results can be used to verify the performance

of the optical engine at 1545 nm.
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Figure 4.11: Schematic of CubeCAT test-bed.

¢ Output power v input power — The performance of the optical engine for a varied
input power will be investigated. A good performance at lower input powers

allows for a lower modulation current of the seed laser.

Test Setup

A schematic of the test kit is shown in Figure 4.11. It consists of three main parts:
the laser drive electronics, the high frequency generation and detection scheme. The
CW bias current to both the pump and DFB laser were supplied through constant
current drivers. A psuedo-random bit generator (PRBS) was used along with a high
speed sine-wave generator (as the clock) to generate the required pulse shape which
will be then passed to the DFB laser and provide the AC modulation. The clock signal,
provided by a sine wave generator was used to trigger the PRBS such that a external
clock could be fed into the PRBS and the data modulation rate changed. The clock/16
signal exiting the PRBS was used for triggering the oscilloscope when characterising
the pulse shapes.

The location of sensitive equipment on the test bench is important as to avoid
crosstalk between the high speed RF lines. To this end the oscilloscope was placed
as far as possible from the clock signal generator and PRBS as it was found that

this crosstalk caused the instabilities shown in Figure 4.13. To avoid any impedance
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Figure 4.12: Output spectra of the CubeCAT breadboard source laser. NB: Output
power has not been adjusted to account for monitor tap.

mismatching in the system, all impedances were kept to 50 2.

In the optical output, a VOA was used to avoid saturation of the detection photo-
diode. Although Figure 4.11 shows an optical connection to both a power meter and
VOA at the same time, this was never the case as the LTX was operated in either the
CW or pulsed regime.

The output spectra of the source laser used in the breadboard testing is shown in
Figure 4.12. It has a central wavelength of 1550 nm, however the LTX which was built
has a central wavelength of 1545 nm. However, the DFB used to create the spectrum
in Figure 4.12 was of the same chip and housing family as the part used within the
product. Figure 4.12 has not taken into account normalising the power for the input
tap and coupling losses, but the output power of the laser diode is +10 dBm .

The dynamic performance was simulated via eye diagram testing at data rates of
100 Mbits~! and 500 Mbits~!. Figure 4.13 shows the construction of an eye diagram
on an oscilloscope based on the received light levels with individual traces (representing
one ’bit’) overlaid on one another.

Although a good eye opening is seen in Figure 4.13, thus indicating a suitable mod-
ulation level of 10 mA, significant ringing is present suggesting that there is a problem
with the RF driving circuit or signal distortion caused by a mismatched interface. The

time jitter present is thought to be from the measurement system and improper syn-
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Figure 4.13: Photo of an Eye Diagram generated on an oscilloscope at 100 Mbps (a)
and 500 Mbps (b) on the CubeCAT breadboard.
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Figure 4.14: Poyt v Ipump for the CubeCAT breadboard. Shown are the breadboard
result (black) and simulated result (red).

chronization between the clock and received signal. From this data no realistic eye
measurements and therefore BER measurements could be made due to ringing. How-
ever, the modulation of the laser source has been demonstrated. With this in mind,
further work is needed to provide better electrical interfacing to reduce the level of
ringing observed and to maintain signal integrity.

Figure 4.14 shows the relationship between the output power and the pump currents.
The input power to the optical engine was +9.97 dBm, which is representative of the
predicted input power. The signal wavelength used was 1550 nm (the same laser was

used as shown in Figure 2).

Figure 4.14 shows that the output power specification (dashed line) is easily met
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Figure 4.15: CubeCAT Output Power & Noise Figure against Signal Wavelength.

with a pump current of just over 400 mA. The result of an output power of 200 mW
against a pump current of 400 mA results in an E/O efficiency of 13.5% (excluding seed
laser). This result is encouraging as it shows that the output power can be increased if
needed. One example would be if an increase in data rate or if atmospheric conditions
worsen and an increase in output power is needed.

In addition, also shown is the simulated data (red), as presented in Figure 4.5.
There is little variation between the simulated and breadboard values with a maximum
difference observed of 0.22 dB at high pump drive currents. This is well within the
margin of error (£0.5 dB). Thus it can be concluded that the simulation holds for a
real system. Giving confidence in developing a system operating at 1545 nm.

Figure 4.15 shows the wavelength dependency of the laser engine over the c-band.
The test was set such that an input power of +4.43 dBm was used and a total pump
current of 935.5 mA was used. It shows that the output power is similar over the C-
band meaning that the results shown in Figure 4.12 and 4.14 can be assumed to apply
at the operational wavelength of 1545 nm.

In addition, the NF characteristics are as expected for this laser engine. With
a maximum NF of 5.98 dB at 1535 and a NF of 5.29 at 1545nm (NF for a typical
booster amplifier is approx. 6-7 dB), the laser engine is performing as required. These

results are encouraging as it shows that the laser engine is operating in a fully inverted

143



Chapter 4. Low-Power Laser Transmitters for CubeSat-class Applications

Pin (dBm) POut (dBm)

2.99 22.04
5.04 22.69
10.00 23.09

Table 4.5: Values for Pj, v Pyt for the CubeCAT breadboard

state even at a reduced pump power, therefore reducing the amount of noise which is
generated by the laser engine. This in turn will improve the link budget by having a
larger OSNR, than originally anticipated.

Table 4.5 shows the variation of the output power as a function of the input power.
It clearly shows that even at low input powers of approx. 3 and 5 dBm, the output
power does not vary as quickly. This implies that the amplifier is saturated and a
reduction in input power to the amplifier stage shall not greatly affect the performance
of the laser engine.

These results are beneficial as it means that the modulation current to the laser
diode can be decreased to a safe operational level. In the past some concern was had as
the resistor used in the seed laser package was rated to only 30 mW, which corresponded
to a modulation current of 24.5 mA; smaller than the previously proposed modulation
current of 27.5 mA. These results show that a reduction of the modulation current to
20 mA (which corresponds to an input power of 8.45 dBm) will have little impact on
the overall output power performance of the laser engine whilst vastly improving the

reliability of the laser engine.

4.3.4 Mechanical Design

As previously mentioned, at the start of this design process, the CubeCAT module
was originally envisaged to follow the standard CubeSat footprint (95 mm x 95 mm).
However, the end user (TNO) required a custom volume to allow for integration with
the drive electronics and telescope, such that the whole laser terminal fits within 2U.
Shown in Figure 4.16-4.18 is the CubeCAT mechanical design. The baseline material
chosen is 6082 T651 AL.AL. with a Alcorom 1200 finish. Alocrom 1200 was chosen
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Figure 4.16: CubeCAT laser engine mechanical casing side view.

Figure 4.17: CubeCAT laser engine mechanical casing top view.

for the aluminium finish as it provides corrosion resistance whilst providing a conduc-
tive coating for grounding the case to the spacecraft bus. In addition, it allows the
metalwork to have a long lifetime for AIT, which is not possible to Alocrom 1000.
The design displayed in 4.16-4.18 is modelled such that it is predicted to occupy
a volume of 24.75 cm® and have a total mass of approximately 130 g. The displayed
dimensions are as follows: H= 46 mm, L = 77 mm, W, 79.6 mm, H’ = 30 mm. Fixing
to the spacecraft structure is provided via 4 x M3x10 mm screws (shown circled in red
in Figure 4.18). A thermal interface is provided to the spacecraft bus via the face on
which the mounting points sit. This face is where all the opto-electronics are secured
to, thus providing a thermal path through which the heat generated by the DFB and
pump lasers is dumped. The thermal interfacing material chosen is THERM-A-GAP
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Figure 4.18: CubeCAT laser engine mechanical casing bottom view.

CH6642, a material qualified for space use.

To ensure high-reliability performance of fiber optic components, component layout
is key to ensure that the minimum bend radius encountered by the optical fiber was kept
within G&H design rules, and to minimize the volume. Figure 4.19 shows the internal
layout of the LTX showing the position of the opto-electronics and tray in which the
fiber optic components shall be glued in place. Fiber routing will be provided on the
blank internal face. Not shown is the RF data interface. This is supplied via a flying

U.FL 50 © lead which passes through the slot shown circled in green in Figure 4.19.

Fiber optic Fiber routing
component tray face

Photodiode

[ sm
| pump lasers

Figure 4.19: CubeCAT laser engine mechanical casing internal view.
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4.3.5 Electrical Design

The purpose of the electronics in the CubeCAT laser engine is twofold. Provide me-
chanical support to the opto-electronic components; and provide a simple electrical
interface to external driving circuits. Electrical interfacing is provided via a male, 16-
way Gecko connector (G125 series). A RF interface is provided via a 50 2 U.FL flying
lead with a connector placed upon the PCB to reduce the RF path line and avoid any

unnecessary signal distortion.

Pin No. Pin ID Description
1 GND Ground (connected to case)
2 DFB_LDCB  DFB laser cathode (DC bias)
3 NC -
4 DFB_LDA DFB laser anode
5 P_LDA Pump laser anode
6 P_LDC Pump laser cathode
7 TEC+ TEC Anode
8 TEC- TEC Cathode
190 DFB_T DFB thermistor
1l O MON +14 Output power monitor
12 O_MON_RTN
13 DFB_-MA DFB monitor anode
14 DFB_MC DFB monitor cathode
12 ﬁgg:%gf Module thermistor

Table 4.6: CubeCAT laser engine electrical pin-out.

To provide mechanical support and interfacing to the opto-electronics a PCB was
designed. The PCB was designed such that the pump lasers operate in a series configu-
ration to avoid using too many pins on the electrical output connector at the expense of
a higher operational voltage. Monitoring of the DFB output power, DFB temperature
and monitor photodiode photocurrent are also available to be read from the module.

A TEC is provided within the DFB package to control the temperature of the DFB
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laser to ensure that the DFB laser can be warmed/cooled to an initial operational
temperature.

Figures 4.20 & 4.21 show the PCB design of the laser engine. To ensure good
signal isolation, correct impedance matching and due to the small footprint available,
a 4-layer PCB was used to route the signals. The region in which all the multi-layer

routing occurs is shown in Figure 4.21.

Figure 4.20: CubeCAT laser engine PCB top view (a) & bottom view (b).

Figure 4.21: CubeCAT laser engine PCB multilayer view. The top layer is shown in
red, bottom layer in blue and middle layers in green and pink.
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4.3.6 Estimated Efficiencies

Based on baseline part selection, the efficiency of the laser engine can be calculated.
The values shown are based on an output power of 200 mW and DFB drive current of
75 mA. It is worth noting that the TEC would not be used in normal operation, only

during start-up.

. Power Calculated
Mode of Operation Consumption Efficiency
Optlca%—optlcal i 44.0 %
efficiency
Amplifier only 1.69 W 12.0 %
Wall-plug (w/o TEC) 1.89 W 10.6%
Wall-plug (w/ TEC @ 309 W 6.5%

nom. operation)

Table 4.7: CubeCAT laser engine estimated power consumption and efficiencies for
various modes of operation.

As can be seen in Table 4.7, the efficiency required specification is met at normal
operating conditions. During laser warm-up, the main power draw is the TEC which
would heat the DFB laser diode such that thermal shocks are avoided when the LTX

starts transmitting data.

4.3.7 Thermal Analysis

Presented below is a concise thermal analysis of the main heat sources within the
laser engine. At this stage of the product design process this amount of analysis is
appropriate to make the product reach TRL 5. A more thorough analysis would be
completed in the next phase of development if this laser engine is taken forward towards
qualification and flight. The areas of interest within the module are the main heat

generators which are:

e Fiber-optic splices observing the highest optical power. These are found on the

splices from the pump lasers.
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e DFB laser: there is a large contribution from both the TEC and heat generation

caused by light generation.

e Pump laser: heat is generated by the generation of pump light.

Model

By utilising the standard equation 4.1 for conductive heat transfer, the temperature
rise at the base of the heat source for a certain heat load can be calculated.
kA

Q="FAT (4.1)

Where k is the thermal conductivity of the material, A is the area through which
the heat will conduct and L is the thickness of the barrier. The case has been modelled

to have a thickness of 2.5 mm and aluminium is known to have a thermal conductivity

of Kk =220 W/mK.

Pump Laser Splices

The highest optical power to be found with the fiber optic network is 500 mW, the
maximum optical power given by the pump laser diode at the output of the pump
fiber (PM980). By assuming a maximum splice loss of 0.2 dB and that any lost light is
converted into heat, the amount of heat generated by a splice loss of 0.2 dB is 23.5 mW.
This amount of heat generation is said to be not a problem, as it can be dispersed by
thermal radiation and is of no further concern as this has never been an issue at this

power level in previous G&H modules designed and qualified for space [4.13].

DFB Laser

To assess the amount of heat generated by the DFB the following assumptions have
been made. A CW drive current of 100 mA and a worse case TEC condition with a
TEC drive current and voltage of 4 A and 4V, respectively.

At a drive current of 100 mA and voltage of 2.55 V, the DFB laser is known to

provide an output power of 16.1 mW. By assuming unconverted electrical energy is
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wasted as heat, the DFB would provide a heat load of 239 mW without the TEC
active. With the TEC active in worst case conditions the overall heat generated would
be 16.239 W.

As the overall base area of the DFB laser is 30 x 12.7 mm, this will provide an area
of 3.81 x 10~* m? for the heat to flow through into the aluminium casing. The casing
currently has a depth of 2.5 mm and a thermal conductivity is 220 W/m K. With these
assumptions and worst case conditions it shows that an expected temperature rise of
0.48 K is expected on the base of the DFB laser. This is of no concern currently as this
temperature rise would not cause any thermal runaway effects to happen within the
DFB laser, causing the heat load to increase. When operating in a vacuum environment
the use of a thermal pad is key as conduction will be the main method for dissipating

heat and good thermal contact is needed to the base of the DFB.

Pump Laser

At an output power of 500 mW, it is known from the part data sheet that this would
need a drive current and voltage of 1 A and 2 V, respectively. By continuing the same
assumption about wasted electrical power, the pump lasers will both each output 1.5 W
of heat. The pump lasers have a base area of 2.40 x 10~% m?. With these assumptions
it can be calculated that the temperature rise would be 71.0 mK which is of no concern

to the overall thermal design of the laser engine.

4.4 Assembly and Integration

The CubeCAT laser engine was assembled in two stages. First the PCB was assembled,
tested and then a conformal coat was applied. The second stage was the assembling
of the fiber optic network. Once fully assembled the laser engine underwent testing on

the module level to validate the design.
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Figure 4.22: Dry fit of all CubeCAT opto-electronic components onto PCB.

4.4.1 PCB Assembly

Before assembly onto the PCB the opto-electronics and PCB undertook a fit check on
both the PCB and metalwork. The result of which can be seen in Figure 4.22. It can
be seen that space is at a premium for routing fiber and that care must be taken during
assembly of the module to avoid damage to the opto-electronics. This is highlighted by
the tight fit of the pump lasers. In addition, some modifications were needed around
the hole for the Gecko connector as originally in the CAD model only a 2-layer PCB was
anticipated. The modification was made by a file and then the board was fit checked
again. When assembling the PCB actions must be taken to avoid ESD damage to the
opto-electronics as they are especially susceptible to damage caused by static discharge.
This was achieved through using ESD safe assembly tools and processes.

Once the fit check was completed the board was assembled to ECSS soldering
standards [4.14]. Next the PCB was tested for functionality. For more information on
the PCB testing see Section 4.5.1.

With testing complete a conformal coating (MAPSIL 213-B) was applied to both
sides of the PCB. The conformal coat provides a protective and non-conductive layer on
the PCB surface to ensure long-term reliability. Figure 4.24 shows the fully assembled
PCB fitted into the metalwork with the initial fiber routing completed to tidy the

module for further assembly.
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Figure 4.23: Photos of the fully assembled CubeCAT PCB ready for testing.

Figure 4.24: Photo of the fitted CubeCAT PCB ready for optical network assembly.
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4.4.2 Optical Assembly

With the PCB assembled and tested, the optical network was assembled through the
process of splicing optical fibers. Initially, the passive optical components were placed
onto a separate carrier and then Scotch-Weld 2216 adhesive was applied to secure
the components in place (Figure 4.25). Scotch-Weld 2216 (NASA database entry
GSC35727) was chosen as it is known to be a low-outgassing adhesive with a total
mass loss (TML) of 0.99 % and collected volatile condensable material (CVCM) of 0.02
% which is approved by NASA®. Once the Scotch-Weld was dry the fiber optic compo-
nent carrier was then secured to a side wall (side wall location is shown in Figure 4.19).

One key change between the optical design presented previously and the design
built is the tap ratio on the output coupler, C1. The decision was made to increase
the tap ratio from 10% to 20% such that the amount of light coupled to the monitor
photodiode was increased. This is because the photocurrent provided by the monitor
photodiode would need to be at a level such that the monitor provides a large dynamic
range but also allows for easy measurement of the photocurrent. Too low a level could
lead to an erroneous reading caused by external electrical noise. The driving factor
for this was that from the system level, biasing of the photodiode was no longer being
provided.

As seen in Figure 4.25, not all of the components were orientated in the same direc-
tion. This was intentional as the component orientation would dictate the complexity
of the fiber routing. Because of the limited volume inside the module, the fiber routing
was kept as simple as possible to reduce the risk of over-bending a fiber which would
apply stress and induce an optical loss.

During the splicing process, care was taken to ensure that the splices were located
such they were not in a bend of the main fiber bundle. This was to avoid and any
losses at the splice caused by misalignment induced by mechanical stress. The location
of each splice was set by winding in the fiber to the fiber bundle twice and marking

the point where the fiber reached the top straight. Once this was completed for both

!For more information on the properties of low-outgassing materials, the reader is pointed towards
https://outgassing.nasa.gov/.
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Figure 4.25: Fiber optic components fitted to CubeCAT fiber optic component carrier.

fibers in a splice, each relevant fiber was unwound fully as the fiber length when splicing
would be quite short due to the nature of the small fiber optic bundle length, and the
module would be placed close to the splicer ready for completing the splice.

Once the splice was completed in the fusion splicer, the splice was then re-coated
using a UV-curable, low-index resin such that the splice would be protected from the
assembly and testing environment such that cleanliness could be achieved. A re-coat
process was chosen over the traditional splice tube due to the lack of space available for
splice protector tubes and the fact that re-coated splices can be wound into the main
fiber bundle if positioned correctly.

Table 4.8, with each splice number being referenced to in Figure 4.4, shows the
results of each splice loss showing minimal loss throughout the splice process for the
whole module. Some errors were detected such as in the PM-SM splices but this error is
normal for this kind of splice. A hot spot was detected in splice 6 which would reduce
the mechanical strength of the splice; and if present in the core of the fiber, would
cause a loss. From the estimated splice loss of splice 6 this is not the case and it was
concluded that this splice would not need to be reworked.

Following the assembly of the optical network, the fiber guides were removed and
fiber taped into place using Kapton tape. Kapton tape was used as the rubber fiber
guides are not suitable for space applications and Kapton tape is well known for it’s low
out-gassing properties. Once the fiber was secured in place, the module was tested to
verify it’s operation. The finished module whist operating is shown in Figure 4.26. With
the module now assembled, the module’s optical design can now be verified through

optical testing. The optical design verification testing is described in Section 4.5.2. The
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Splice No. Splice Type Est. Loss (dB)

1 PM — SM 0.00*
2 SM — SM 0.00
3 SM — SM 0.00
4 SM — SM 0.00
5 SM — SM 0.00
6 SM — SM 0.00f
7 PM — SM 0.02*
8 PM — SM 0.02*
9 SM — SM 0.00

* Bubble in fiber detected.
t Hot spot in splice detected.

Table 4.8: Summary of fiber-optic splices in CubeCAT AIT process.

final total mass with the module shown in Figure 4.26 and fitted lid was measured to
be approximately 165 g, 10 % over the original mass budget which is acceptable on a

system level.

Figure 4.26: Fully assembled and operational CubeCAT laser engine.
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()
Figure 4.27: Fully assembled CubeCAT laser transmitter with lid fitted.

4.5 Design Verification

4.5.1 PCB Testing

The CubeCAT PCB was tested in two stages. The first stage was to assess the mod-
ule’s CW performance. This was completed to ensure that all the opto-electronics was
operational before applying a RF signal. The DFB source laser’s L-I and monitor pho-
todiode characteristics were investigated. The pump L-I curve was also generated to
observe if the pump lasers had become damaged during assembly; a distinct possibility
considering their proximity on the PCB. Finally the monitor photodiode was charac-
terised such that the data can be used for calibration of the photodiode. NB: All pump
current values quoted are for both pump laser diodes as they are wired in series.

The second stage is to assess the dynamic performance, in which the pulse exiting
the DFB laser whilst under modulation will be investigated. In addition, an eye diagram
will be generated to assess the overall transmission characteristics of the DFB. From
this testing the PCB’s performance can then be verified before releasing the board
further into the AIT process.

The test setup was as shown in Figure 4.11. For CW testing, the output of the
DFB laser was connected to a power meter. For the dynamic performance testing,
the output was then connected to a fast PD and connected to a Rohde & Schwartz
HMO 3004 oscilloscope.
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CW performance

The DFB power-current characteristics along with the monitor photodiode response
was measured to ensure no damage to the laser diode took place during assembly onto
the board. The results are given in Figure 4.28 which show that the DFB is operational.
The output power is as expected with a threshold current found at 47 mA. The monitor
photodiode varies from what is shown in the part data sheet but is no concern as it
shows a linear response over the drive current range. This variance can arise from
alignment variances within the laser diode package between the rear facet of the laser

cavity and monitor photodiode.

50 T 1
=—Output Power
——Monitor Photocurrent

45

40

35—

30~

Output Power (mW)
S
T
Monitor Photocurrent (mA)

0
0 20 40 60 80 100 120 140 160 180 200
Drive Current (mA)

Figure 4.28: CubeCAT laser engine DFB output power & monitor photo-current as a
function of drive current.

Shown in Figure 4.29 is the fitted pump laser diodes’ output power at 976 nm as
a function of drive current. Also shown are the pump lasers’ output power-current
characteristics used at the breadboarding stage to provide a comparison. One point to
note about this test is that the values shown in Figure 4.29 for the fitted pump lasers
have been averaged. This is because the measurement was made with the output power
of both pumps as they were run in series and would output power at the same time.

It can be seen in Figure 4.29 that the fitted pumps are operational and are more
efficient than the the laser diodes used at the breadboard stage. In addition it can be

seen that the threshold current for the laser diodes are all the same. With the similarity
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Figure 4.29: CubeCAT module pump output power as a function of drive current. Also
shown for comparison are the pump laser diodes used when breadboarding.

between the pump laser diode threshold currents it can be concluded that the pump
lasers can be released into later stages of the AIT process.

The monitor photodiode’s responsivity characteristics at 23 °C is shown in Figure
4.30. The baseline responsivity for the part according to it’s datasheet is 0.9 A/W which
is in agreement with what is presented in Figure 4.30. Therefore it can be concluded

that the photodiode and monitor circuit of the PCB is operating as intended.
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Figure 4.30: CubeCAT laser engine monitor photodiode photocurrent as a function of
received power.
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Dynamic Performance

The aim of the dynamic performance testing at this stage was to investigate if the
signal quality would have been degraded by the PCB. To assess the signal quality the
DFB laser source was modulated and the pulse shape observed. In addition, an eye
diagram was generated to assess it’s use for communications.

Figure 4.31 shows the pulse exiting the DFB at a data rate of 500 Mbits™!. At
this point the signal was a square wave, i.e. not a random bit sequence, as the aim of
the test was to observe the shape of the pulses. A square pulse has been used as in the
actual system at a data rate of 200 Mbits™! it would require a continuous sequence
2 x 10’0’ bits before spiking in the output power would become a problem due to gain
build-up in the EDFA. This is because the Er®* transition has an upper state lifetime
in the order of 10 ms [4.15] and if modulation is occurring in the Mbits™! regime the
system will effectively see a CW signal.

However, Figure 4.31 also shows that relaxation oscillations still degrade both the
1’ and ’0’ bit level shapes. This is because as the DFB is being directly modulated, it
is gain-switching the laser diode and some relaxation oscillations can not be avoided.
However, the majority of this effect can be filtered out by a low pass filter, a common
technique in optical communications receivers [4.16]. This has been applied to Figure
4.31 which cleans any higher frequency noise caused by either crosstalk or relaxation

oscillations and makes the signal much more acceptable to detect.

TEB:20ns T:-40us

Figure 4.31: CubeCAT laser engine output pulse trace at a data rate of 500 Mbits™*.
An eye pattern was generated at a data rate of 200 Mbits~! and is shown as the
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blue trace in Figure 4.32. The eye diagram shown is a screen shot of the the oscilloscope
screen with trace hold set to ’on’. Some time jitter is present in the eye but it can be
seen that this is due to jitter being present in the clock signal (green). The crossing
point of approximately 50 % increases the evidence that the time jitter present is caused
by a drift in the clock.

The noise levels around the 1’ and ’0’ levels is caused by relaxation oscillations (as
described previously). This may cause some degradation in SNR when the modulation
level is decreased (e.g. to save power) but currently this is not an issue as a clear

opening of the eye can be seen.

Figure 4.32: CubeCAT laser engine constructed eye diagram at a data rate of 200
Mbit s,

At this time only an eye diagram at 200 Mbits~! was generated due to the oscillo-
scope being bandwidth limited. Based on pulse shapes shown in Figure 4.31 it can be
extrapolated that the eye diagram will be similar at 500 Mbit s~! as no signal distortion
can be seen. However, other issues in the test setup such as the bandwidth of the PRBS
might become a problem at higher data rates (Gbits™!). This is due to the output
from the PRBS rolls-off and the eye opening decreases due to a smaller modulation

signal not due to the DFB laser being bandwidth limited at this modulation frequency.

4.5.2 Optical Testing

This section of the test campaign was completed once the module was fully assembled

(see Figure 4.26). This section of testing is split up into 3 parts:
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e Output Power v Drive Current - This is to assess the overall efficiency of the

module and compare it against breadboard results.

e Output spectrum at an output power of 200 mW - The output spectrum will be
recorded via an OSA scan so that the noise performance in the CW regime can

be measured.

e Finally an eye diagram will be measured to assess how the signal is distorted

when passing through amplifier block.

Output Power v Drive Current

Shown in Figure 4.33 is the CW output power-drive current curve for the fully assembled
CubeCAT laser engine. It shows the drive DFB laser set to a drive current of 65 m A and
at room temperature (23 °C). The results of Figure 4.33 show that the output power
target of 200 mW can be reached easily at a drive current of &~ 575 mA. Although at this
point the amplifier is starting to roll off as the output power starts to become limited
by the available gain in the amplifier. In addition to this, for the reasons outlined in
Section 4.4.2; the tap ratio for the output coupler was changed at the expense of excess

power margin.
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Figure 4.33: Output power and monitor photocurrent as a function of pump drive
current of the fully assembled CubeCAT module.
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Optical Spectrum

The output spectrum at an output power of 200 mW and temperature of 23 °C is shown
in Figure 4.34. Note that the y-axis has not been scaled to reflect the output power. It
shows that the output spectrum is stable and that the optical signal to noise ratio is of
a good value (50.33 dB). For the measurement of optical signal to noise, an estimated
ASE power level is estimated and is shown as the red line in Figure 4.34. With the
optical signal-to-noise ratio at a value of 50.33 dB, this far exceeds the target value of

20 dB and it can be said that the module performs well optically.
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Figure 4.34: CW optical spectrum of the assembled CubeCAT module at Po,: =
200 mW.

Figure 4.35 shows the output spectrum of the LTX whilst being operated at an
output power of 200 mW, data rate of 1.25 Gbps and temperature of 23 °C. Shown are
the side modes of the LTX which are not present in Figure 4.34. From the side mode
power given in Figure 4.35, the side mode suppression ratio (SMSR)) can be calculated.

The calculated value of SMSR is 49.68 dB.

Eye Diagram

An eye diagram was generated at a data rate of 500 Mbits™! and is displayed in
Figure 4.36. The eye diagrams shown in Figure 4.36, 4.43 and 4.44 were generated by

recording a time-domain signal on a Rohde & Schwartz HMO 3004 oscilloscope and
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Figure 4.35: Optical spectrum at an output power of 200 mW and temperature of
423 °C. Shown are the side bands of the LTX which are generated when modulation
to the DFB is applied at 1.25 Gbits™!.

using the ’eyediagram’ function within MATLAB. Although the eye diagram generated
shows significant noise on the ‘1’ and ‘0’ bit through filtered relaxation oscillations,
it is believed that the eye can be opened further through adjustment of the DC bias
current of the DFB laser diode. However, as an initial assessment this eye diagram is
encouraging as it shows very little time jitter, with a large eye opening or little noise
in the waveform itself. Based on the eye diagram shown below, it can be said that this

laser engine is operable at a temperature of 23 °C and a data rate of 500 Mbits™!.

Amplitude (a.u.)

Time (a.u.)

Figure 4.36: Eye Diagram generated at 500 Mbits~! and temperature of 23 °C.
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Operation at 1 Gbits™! is shown in Figure 4.37. The eye digram shown in Figure
4.37 and 4.38 was generated by using the internal eye diagram function on a Keysight
MSO-X 6004A oscilloscope, note that the oscilloscope previously used to eye diagrams
was only limited to 500 MHz. The Keysight oscilloscope was used as it had a bandwidth
of up to 1.5 GHz. The eye diagram in Figure 4.37 shows some jitter on the falling edge
(as seen in Figures 4.32 and 4.36) and some over /undershoot of the pulse. However, it
is thought that both of these effects are due to relaxation oscillations being observed.
These oscillations can be filtered out by applying a low-pass filter on the receiver. With
these relaxation oscillations removed, the eye diagram will appear much cleaner. I.e.

More similar to the eye diagram presented in Figure 4.36.

Figure 4.37: Eye Diagram generated at 1 Gbits~! and temperature of 23 °C.

It is worth noting that when operating the LTX near 1 Gbits~!, that the amplitude
of the relaxation oscillations increase. This is a known effect where the modulation
frequency is approaching the resonant frequency of the relaxation oscillations. For
DFB laser diodes this is typically a few GHz [4.17], so therefore relaxation oscillations
become a large problem when being modulated in the GHz regime. Although this is an
inherent problem which cannot be avoided, it can be mitigated by changing the either
the design of the DFB itself [4.17], which is not practical, bias or modulation current

[4.18]. Another approach is to also fine-tune the input pulse shape by one of two ways
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[4.18]. The first is to either artificially increase the rise time of the signal which will
reduce the higher frequency components in the pulse. The second method is to step-up
the modulation current on the rising edge. This will greatly reduce the overshoot and

therefore improve the amount of chirp observed.

Figure 4.38: Eye Diagram generated at 1.25 Gbits~! and temperature of 23 °C

Operation at 1.25 Gbits™! is shown in Figure 4.38. It shows an open eye which
is required for operation. When compared to Figure 4.36, it can be seen that the
relaxation oscillations have been filtered out, showing what is achievable when the
filtering is applied. Here the ‘1’ bit voltage is 210.06 mV and the pk-pk voltage is
418.41 mV. From this the extinction ratio can be calculated to be 26.90 dB for NRZ-
OOK modulation. Operation at 2.5 Gbits~! has not been measured due to limitations
with the sampling rate of the measurement equipment and clock generation. As can
be seen in the aliasing shown in the eye diagram due to a un-stable clock signal being
used. As the clock signal in unstable, this will cause errors on the clock triggering both

the PRBS and oscilloscope for eye diagram generation.

Minimum Allowed Data Rate

The minimum allowed data rate is limited by non-linear effects which cause damage

at high optical powers. The main effect which is of interest is stimulated Brillouin
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scattering (SBS). Brillouin scattering is caused by the 3rd order non-linearity term
(X(S)) of the guiding material. In most cases seen in the lab, this will be the silica glass
core of the optical fibre. In this process an incident photon can be scattered so that
it has a slightly lower energy (usually backwards) and a phonon being created. This
energy in turn can be coupled to acoustic waves via the electro-striction effect, where
acoustic waves are created by ions moving in the lattice due to the presence of EM
fields, or by radiation pressure.

It is known that SBS can occur at low optical powers and at higher optical powers
the acoustic waves created can become stimulated by the incident photons. Above a
certain threshold (SBST), SBS can reflect most of the incident power. This involves
a highly non-linear gain process for the reflected wave which can eventually lead to a
refractive index grating becoming present in the fibre which will then reflect most of
the incident power. SBST for operation in the CW regime is given by the equation
[4.19]:

AK

P., =21
v gbLe

(4.2)

Where A, is the effective core area of the fibre, K is the polarization loss (1 < K < 2)
and g is the Brillouin gain coefficient (g, = 4.6 x 107" m W~1). L, is the effective

interaction length which is given by:

1— efocl

(07

L (4.3)

a is the fibre loss (m™!) and 1 is the length of the fibre. The polarization factor takes
into account polarization scrambling between the incident waves and generated acoustic
waves. l.e. in the case of a non-PM fibre, the polarization is completely scrambled
and K = 2. By making the above calculation for the LTX and EDF absorption of
13 dBm™!, the SBS threshold is found to be 3.91 W. As the amplifier is core pumped,
the fiber will exhibit a maximum pump power of 2 W. Therefore SBS will not be an

issue and the LTX can be run in CW mode.
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4.5.3 Temperature Testing (-5 to 450 °C)

With the test campaign at 25 °C successful, therefore testing at the extremes of the
target operational temperature could be completed to prove that the module is at the
target TRL of 5. The tests which were completed in Section 4.5.2 were repeated at

ambient temperatures of -5 and +50 °C and results are presented below.

Output Power v Drive Current

Figure 4.39 and Figure 4.40 shows the L-I characteristics over the temperature range
of -5 to +50 °C, respectively. It shows that at -5 °C that the output power target of
200 mW is reached at a current of 570 mA, which is the same as operation at room

temperature. The power monitor is also showing stable operation at -5 °C.
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Figure 4.39: Output power and monitor photocurrent as a function of pump drive
current of the fully assembled CubeCAT module measured at a temperature of -5 °C.

Operation at +50 °C is not as efficient as at +25 and -5 °C due to three reasons.
The first reason is that the signal wavelength has shifted from 1543 nm to 1546 nm,
a less efficient wavelength for the amplifier (Figure 4.40). The second reason is that
the pump laser diodes are less efficient at a higher temperature. The result of this
is that 200 mW output is met at a drive current of 750 mA which is still within the
operational range of laser diode. In addition, the photodiode responsivity has dropped,

showing that operation at 50 °C is limited. Finally, the DFB laser diode does become
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less efficient at +50 °C, thus reducing the input power to the amplifier and therefore

the output power.
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Figure 4.40: Output power and monitor photocurrent as a function of pump drive
current of the fully assembled CubeCAT module measured at a temperature of 450 °C.

Optical Spectrum

Figure 4.41 shows the optical spectra at an output power of 200 mW and at temper-
atures of -5 °C (green) and +50 °C (blue). To generate the results at -5 °C, the TEC
of the DFB needed to be switched because if the DFB is not warm enough, the output
spectrum degrades and produces a broad band signal around 1517 nm (see Figure 4.42);
outside of the operational wavelength range. With the TEC on, the laser reached a
temperature of 20.0 °C (TEC set point) and could be used at the correct wavelength.
The TEC was switched off for operation at +50 °C which caused the signal wavelength
to shift to 1546 nm.

Based on an estimated ASE level of -66 dBm (+50 °C) and -67 dBm (-5 °C), the
optical signal to noise ratio can be calculated for each temperature. The results of this
calculation are shown in Table 4.9. It shows that the best place to operate is at -5 °C
as this improves the OSNR. This in addition shows that the pay-off of using the TEC

at cold temperatures is worth the slight performance increase.
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Figure 4.41: Output OSA trace at an output power of 200 mW and temperatures of
-5 °C (green) and +50 °C (blue).
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Figure 4.42: Output spectra of laser engine with amplifier off at a temperature of -5 °C,
DFB biased at 100 mA and TEC disabled.

Eye Diagram

Eye diagrams were generated at -5 °C (Figure 4.43) and 450 °C (Figure 4.44) and at
a data rate of 500 Mbits~!. Much like operation at 25 °C, it shows an open eye with
some time jitter.

The main difference between the two eye diagrams is the amount of noise present
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Temperature °C  OSNR (dB)

-9 51.39
+25 50.33
+50 50.08

Table 4.9: Table of calculated OSNR values as a function of temperature.

in both the ‘1’ and ‘0’ levels. As expected the amount of noise present at +50 °C is
greater than the noise observed at -5 °C. This is because of three reasons. The first is
the amount of thermal noise present. The second and more subtle reason, is the drift

of the DFB threshold current.

Amplitude (a.u.

Figure 4.43: Generated Eye diagram at a data rate of 500 Mbits~! and temperature
of -5 °C.

As the temperature of the DFB laser diode chip is varied, both the optical and elec-
trical properties are changed. For example, the resistance across the chip is increased
as temperature is increased and the intrinsic losses within the laser cavity are increased.
As such for operation at +50 °C, the threshold current was changed to 81 mA (from 51
mA). This value was chosen as it was close to the threshold current of the DFB at this
point. The threshold current was found by monitoring the back-facet monitor of the
DFB whilst adjusting the DC drive current. Although this was a rough calculation, it
proved to be adequate in creating an open eye. However, one degrading effect of this
was the added noise to the eye due to the waveform being deformed by the unwanted

effect of not switching below the threshold current at the ‘0’ level. It is thought that
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Amplitude (a.u.)

Figure 4.44: Generated Eye diagram at a data rate of 500 Mbits™! and temperature
of +50 °C.

this can be counteracted by either tuning the DFB DC drive current such that the bias
current can be found at +50 °C or that the TEC can be enabled to cool the laser chip
to a suitable temperature.

The final reason is that with the efficiency of the DFB laser dropping, the modula-
tion depth of the light exiting the DFB laser will decrease due to a shallower slope on
the L-I curve of the DFB laser. This will close the eye, causing extra noise to appear

in Figure 4.44 when the values are normalised.

4.5.4 Commentary and Test Conclusion

Based on the testing shown in Figures 4.33 -4.44, it can be seen that the best mode of
operation is at 25 °C. This is because as soon as the temperature reaches the extremes
of the operational temperature, it is recommended that the TEC is enabled. This can
be seen the best in the data collected at -5 °C with the laser engine inoperable at this
temperature unless the TEC is deployed. However, the TEC can be enabled and is
usable at both +50 and -5 °C without damaging the laser diode. As such this module

has been demonstrated to work in lab conditions and is now at TRL 5/6.
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4.6 CubeSat Standard Variant and Further Work

With the TRL of the CubeCAT laser terminal raised to a level of TRL 5/6, the next
steps of the module development should be laid out. There are two main paths this
work can take in the future. The first is that of raising the TRL of the CubeCAT LTX
to a higher level by applying rigorous FEA to the mechanics and thermals of the module
and then placing the LTX though an environmental qualification campaign similar to
those which the components have been tested to. The second path is to re-design the
module to fit the CubeSat form-factor allowing for easier integration into different end

users’ systems.

4.6.1 CubeSat Standard

From Figure 4.17 it can be seen that the shape of the CubeCAT module does not lead
to easy manufacture or integration into a CubeSat system due to it’s unique shape.
As such the next steps of the product development is to use the optical architecture
and design described in Sections 4.3.1-4.3.2 and transfer it into a design which will fit
within the standard CubeSat footprint of 96 x 96 mm.

In future applications these laser transmitters will be used in systems where a
large volume will need to be manufactured due to the fact that it is anticipated that
constellations of CubeSats will be needed to provide real-time downlinks from LEO. E.g.
Welle et al. [4.20] expect that for complete coverage of LEO, a constellation numbering
in the order of 100 nodes . If these nodes were built to the CubeSat standard, this can
compare to the cost of launching one large GEO communications satellite. As such the

motivation for redesigning the CubeCAT laser engine is three fold:

e As this laser transmitter is going to be manufactured in volume, redesigning the
mechanical structure for ease of manufacture is essential. As this will reduce the

build effort and therefore cost through both wastage and time.

¢ An easier integration method is needed so that the laser transmitter can be easily

transferred from one CubeSat system to another. This both allows for a reduction
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in time needed for spacecraft integration but also increases the marketability of

the product to more end users.

¢ By increasing the complexity of the module by providing drive electronics and
digital control, this reduces the impact of the laser transmitter on the space-
craft’s SWaP restrictions by eliminating the need for extra control electronics

and software.

From these design motivations the following improvements have been highlighted:
Redesigning the mechanics to fit the CubeSat form factor of 96 x 96 mm, the addition of
hybrid components, re-layout of the optical components to allow for ease of manufacture
and lastly, addition of driver and digital control electronics. An initial concept design

for the next generation of laser transmitter is shown in Figure 4.45.

Figure 4.45: Early rendered CAD concept design of the upgraded CubeSat laser trans-
mitter showing optical interface which is attached to the lid (not shown).

The possibility of using the hybrid components described in Section 3.1 has been
investigated. At this stage, it would be of benefit in using these components as the
component count is such that it is manageable on one layer of the module allowing for
easier assembly. The next steps after developing the low-power module, is to design a
high-power (3 W) LTX [4.21]. As this is a high-power LTX, the component count for
the amplifier is effectively doubled.

Another change is that of the optical interface. In the module discussed in the pre-

vious sections, a bare fiber output has been provided to integrate into the satellite. This
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bare fiber can then have a suitable ferrule fitted before being fixed into the telescope
optics. For future models, as seen in Figure 4.45, an optical bulkhead shall be provided
as this provides a fixed interface for the satellite. For space applications, typically the
AVIM connector by Diamond is used as this has been previously flight proven [4.22].
Shown in Figure 4.45 is a mini-AVIM bulkhead and optical patch-cord. Although this
part is still undergoing qualification, it has been used in modules at G&H which have
undergone successful qualification campaigns [4.23].

Ease of manufacture and accessibility to components throughout the AIT process
was one of key design drivers when designing these concepts. It is envisaged that this
variant would be manufactured by building the PCB with the opto-electronics and
drive electronics and fitting it to the base. The passive optical network can be built
separately to the PCB. When spliced and ready, the two can be integrated together
by fitting PCB stand-offs to the base. The active fiber would be placed on the central
spool which can then be wound into the main fiber track around the edge of the fiber
tray. If necessary, a ribbon cable running from the opto-electronics and drive electronics
will be connected to the digital control board. At this point the module can be tested.
With the testing complete the walls can be fitted and finally the lid.

4.6.2 The Path to Flight

With an eventual aim of flying the CubeCAT LTX, the TRL must be raised from 5/6
to 7/8. To raise the TRL to this level, the unit must pass a qualification campaign to
ensure it’s operation in space. The test levels for this campaign would be dependent
on the launcher envisaged to be used in the future but will be similar to those used in
Chapter 3.

However, before the qualification can take place, a rigorous simulation of the design
must take place to ensure that the campaign would be a success. With a focus upon
the mechanical and thermal design, this will ensure that the module can survive the

harsh launch and operational environment.
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4.7 Conclusion

In summary, this chapter has shown the design, development, integration and testing
of a 200 mW, 1 Gbits~! CubeSat laser transmitter up to a TRL of 5/6. Difficulties
were overcome in fitting all the optical components in the 24.75 cm ¢cm? volume due to
it’s irregular shape. Operation has been shown over a temperature range of -5 to +50
°C with little degradation to performance.

An introduction to the CubeSat standard and capabilities of CubeSats have been
discussed and how this can impact the laser transmitter design. From this the laser
transmitter technical specification was described showing the

Also discussed is the future plan for the unit in terms of it’s qualification and flight
status. In addition to this an early design concept is shown, discussing the translation
of the current optical design into a unit which fits the CubeSat standard footprint.
From a commercial standpoint this is the path that should be followed as it allows for
easy integration into as many CubeSat systems as possible and does not limit the unit

to one laser terminal.
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Chapter 5

Development of a Multi-Channel
Optical Amplifier for the

Miniaturisation of RF

Communications

As discussed in Chapter 2, RF communication terminals are very bulky and large. This
is especially the case for satellites which use RF array beam-formers, a device that
utilises constructive and destructive interference by the variance of the phase delay
given by a single element in the beam-former. Highlighted as a key technology for
providing small spot beams but over a large coverage area, phased-array beam-formers
are known to be extremely heavy (> 15 kg) [5.1] making it an area in which photonics
can help reduce the SWaP of the communications payload.

This chapter will discuss the development and AIT of a multi-Channel erbium
doped fiber amplifier (MC-EDFA) designed for use within a 4-element phased array
antenna used for QPSK, Ka-Band beam-forming. This amplifier was developed as part
of the BEACON project! an EU project focusing on developing the next generation of
satellite communications components by leveraging photonics. For information on the

overall project see [5.2], [5.3]. This chapter is split up into 5 sections:

"http://www.space-beacon.eu/.
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e Section 5.1 introduces the BEACON amplifier by showing the overall optical
architecture and MC-EDFA specification.

e Section 5.2 will discuss the testing completed on the MC-EDFA in terms of as-

sessing the doped fiber for use in the radiation environment.
e Section 5.3 presents the BEACON amplifier assembly and integration process.
e Section 5.4 reports the module level testing completed on the BEACON amplifier.

e Section 5.6 will summarise the content of this chapter and discuss any further

work.

5.1 Introduction

5.1.1 The BEACON Amplifier

As previously discussed, the development of the MC-EDFA is motivated by the need
for future Telecom payloads with lower SWaP parameters. To achieve this the fiber and
optical component count can be reduced by using a multi-core fiber amplifier which is
presented in the chapter.

The focus of the work illustrated upon in this chapter is that of the design and AIT
of a 7-channel booster amplifier providing output powers > 10 dBm with a gain > 20 dB
over the optical C-band (1530-1565 nm). The amplifier’s 7 channels come through the
use of a multi-core optical fiber amplifier which was developed in partnership with
InPhoTech (Warsaw, Poland). A concept of the optical circuit for the MC-EDFA is

outlined in Figure 5.1 illustrating the various optical subsystems needed.

i MC-EDFA

Figure 5.1: BEACON MC-EDFA optical circuit.
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5.1.2 Design Specification

As part of the BEACON project, a set of design specifications were generated by project
partners and are shown below in Table 5.1. It can be seen that with a gain > 15 dB,
a single-stage amplifier is suitable for this application. Based on this conclusion, the

overall optical architecture can be generated.

Specification Value Notes Units
Type MZM loss compensation -
Wavelength C-band (1530-1565) - nm
Input power > =5 end-of-life (EOL) dBm
Output power 10 Min. dBm
Gain > 15 Min dB
Noise Figure <5 Typ. dB
Fiber Type Non-PM - -

No. of Channels 7 - -

Table 5.1: BEACON MC-EDFA Specification.

5.1.3 Optical Architecture

The optical architecture for the BEACON amplifier is shown in Figure 5.2. It can
be seen that the main bulk of fiber-optic components will be used to distribute pump
power equally across all 7 channels. A bi-directional pumping scheme has been chosen
such that the gain and NF can balanced correctly without degrading the performance
of the module. 4 pump laser diodes have been used such that 2 pump lasers are used in
each direction with a 90° splice for 1 pump such that both linear polarisation modes are
pumped in the MC-EDFA. The pump power is distributed via an initial 15%/85% fiber-
optic coupler followed by a 50%/50% coupler spliced to the 85% arm. Each output arm
of the 50%/50% coupler is then spliced to the input of a 3-way 33%/33%/33% coupler.
Therefore, approximately 6 channels will have 14.1% of the pump power in each channel
with the final channel having the remaining 15%. A dual-channel fiber-optic isolator

is used to reduce the component count, with each EDFA channel being assigned one
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isolator.
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Figure 5.2: BEACON MC-EDFA optical architecture.

5.2 Multi-Core Fiber Amplifier Testing

By utilising a MC-EDFA, 7 channels can be miniaturised into one EDFA. This is
achieved by utilising a 7-channel PCF arranged in a hexagonal structure. As part of the
BEACON project, the PCF was developed by one of the project partners, InPhoTech
(Warsaw, Poland) with feedback provided by G&H and the author of this thesis.

5.2.1 BEACON PCF Structure

The structure of the BEACON PCF is shown in Figure 5.3. The structure is created by
the use of air holes and is of a hexagonal structure to provide a strong and tessellating
structure to allow a single cell design to be scaled up to 7 channels.

As shown by Figure 5.4, the propagation in each core of multi-core fibre is in-
dependent. By simulation in Mode Solutions by Lumerical, the fiber supports the
fundamental mode in the core. In addition, one higher order mode is also supported

in the cladding but has a confinement loss which is quite large for both wavelengths
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Figure 5.3: An electron microscope image of the cross section of the BEACON PCF.
Shown is the structure of one elementary cell (channel) (a) and all 7 channels (b).

(7 dB/m and 27 dB/m for 980 nm and 1550 nm, respectively) and can therefore be
ignored [5.4]. Therefore with independent propagation, features such as absorption,
gain or bending loss can be measured only for a single core. With this approach, it
allows for feedback of corrections into the fiber design. For more details see: [5.5] as

the manufacture and optimisation of the PCF was not part of the scope of this thesis.

Figure 5.4: Cross sections of the 1550 nm (a) and 980 nm (b) simulated fundamental
modes propagating in the elementary cell of the seven core fibre. Also shown are the
one supported higher mode at 1550 nm (c) and 980 nm (d).

A fan in/out structure was created by InPhoTech to allow for splicing of standard
SMF-28 fiber to the PCF. This was achieved by precisely etching fibers, inserting them

into a capillary tube and tapering the capillary tube to provide proper filling of the
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capillary tube and lastly splicing to the PCF. The exact details of the fan in/out will
not be discussed as they are not covered by this thesis.

Information on the assembly and initial testing of the BEACON PCF has been
published [5.4], [5.5]. However, more detailed information on the radiation testing of

the fiber will now be presented.

5.2.2 Radiation Hardness Testing

To investigate the suitability of the rad-hard PCF, the aim of this test program was
to investigate the influence of cerium as a co-dopant in the PCF. As discussed previ-
ously this has been used to a good effect and is seen as a possible solution to creating
radiation-hardened EDFAs [5.6], [5.7] and in this case a radiation hardened PCFs.

The effect of introducing cerium has been initially investigated by observing the
gain and NF for two sets of fiber before irradiation at 30 kRad and 100 kRad. The first
fiber investigated is a single-core fiber (SCF) with the only active dopant being erbium.
See Figure 5.3 (a) for an example of the fiber structure. The second fiber is a multi-
core fiber (MCF) co-doped with cerium similar to that used in the amplifier module.
To show similarity in gain and NF measurements with the SCF measurements, the
extension splices used to interface with the MCF were only spliced to one core (channel
5, the central core).

Figures 5.5 and 5.6 show the gain and NF for both the SCF and MCF fibers over
the C-band with a fixed input power of -6 dBm and fixed pump power of 300 mW. The
fibers tested were un-irradiated; before the fiber is irradiated at 30 krad and 100 krad,
simulating LEO and GEO radiation conditions. Once the two fiber batches have been
irradiated the gain and NF deterioration will be measured.

It is shown that there is a drawback in the gain performance which is not ideal for
applications such as a booster amplifier. However, it is expected for the SCF fiber to
drop off in gain performance as the radiation dose increases. For example a gain drop
of 6.5 dB is shown for a non-cerium doped fiber in [5.6] and a similar result is expected.

Following baseline testing with pristine fiber, the fiber samples were irradiated at

room temperature (23 °C) in steps of 30 kRad and 100 kRad using a %0Co at a dose
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Figure 5.5: BEACON PCF gain as a function of signal wavelength for both the co-doped
(Er+Ce) and un-doped PCF (Er).
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Figure 5.6: BEACON PCF noise figure as a function of signal wavelength for both the
co-doped (Er+Ce) and un-doped PCF (Er).

rate of 210 Rad/h.

Shown in Figure 5.7 is the RIA for the two fibers developed. The signal power and
wavelength was -6 dBm and 1550 nm, respectively and the bi-directional pump power
was 300 mW. The SCF(Er) curve shows a gain degradation of 2.2 dB/100 kRad which
is expected as this fiber is not designed to be radiation hard. The MCF curve shows a
maximum gain degradation of 0.72 dB/100 kRad which is encouraging. It has shown

that the influence of cerium co-doping has reduced the RIA by a considerable amount
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Figure 5.7: Measured RIA for the BEACON PCF for radiation doses of 30 and 100
kRad. Shown is the co-doped fiber (Er+Ce) and un-doped fiber (Er).

moving this fiber towards qualification for space.

Figure 5.8 and 5.9 show the wavelength dependency of the gain drop observed of
the C-band for both the Er(only)-doped (Fig. 5.8) and Ce-co-doped fiber (Fig. 5.9).
It shows that for the Ce-co-doped fiber that the RIA saturates past 30 kRad with the
majority of colour centre formation occurring at low radiation doses. Furthermore, it
can be seen that typically the gain curve shapes are the same. This suggests that RIA

for this PCF is wavelength independent over the C-band.
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Figure 5.8: Measured gain for the BEACON Er-doped PCF at doses of 0, 30 and 100
kRad as a function of wavelength.
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Figure 5.9: Measured gain for the BEACON Ce-co-doped PCF at doses of 0, 30 and
100 kRad as a function of wavelength.

Although currently IR-RIA is still under investigation [5.8], this provides some
data towards showing it is independent over this key wavelength window for optical
communications. This conclusion can be further supported by comparing the gain
curves collected at different doses of 30 kRad and 100 kRad as shown in Section 3.5.1.

One point to note is that the RIA for the non-cerium doped fiber (SCF) is not as
high as expected. This is most likely down to two reasons. The first is that the fiber
was tested a while after irradiation (approx. 1 month). This would allow for some
annealing to occur and in turn reduce the RIA level. The second, and main reason is
that with pumping at 300 mW, photo-bleaching of the RIA is occurring which would

mask the RIA levels at lower pump powers.

5.3 Module Assembly and Integration

With the PCF to be used within the module being verified for use in space, this sec-
tion will discuss the assembly, integration and testing (AIT) of the BEACON module.
Figure 5.10 shows the component of the BEACON module and how the unit shall be
assembled. The pump distribution system (PSD) can be assembled in the base of the
unit along with the PCB assembly (PCBA). The fiber optic amplifier path (FOAP)

can be assembled independently before mating it to the rest of the module.

188



Chapter 5. Development of a Multi-Channel Optical Amplifier for the
Miniaturisation of RF Communications

As shown in Figure 5.2 the component and splice count for this amplifier is unusually
high, leading to challenges in assembling the unit. In total there are 47 optical compo-
nents and 68 splices leading to issues such as the location of the various components

and splice tubes.

Figure 5.10: Exploded diagram of the BEACON module.

The assembly of the BEACON module is shown in Figure 5.11. Initially the PCBA
and PSD were assembled and fitted into the base of the module (Figure 5.11a). The
FOAP was assembled separately to the module and then integrated into the module.
The fully assembled module is shown in Figure 5.11b. The one difference between
the as-designed and as-built configurations is that the active fiber spool and radiation
shield was not fitted. It was decided that this was not necessary for 2 reasons. The
first is that the fiber had already been tested for it’s response to radiation. The second
is that no mechanical support, and therefore thermal path, is needed for the PCF due
to the nature of the low output power of the amplifier. If any thermal effects were
present they would become prevalent during temperature testing of the amplifier (see

Section 5.4.
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Figure 5.11: BEACON module assembly. (a) shows the fully completed PCBA and
PSD. (b) shows an assembled and integrated FOAP.

5.4 Design Verification

With the module assembled and integrated, a test campaign was commenced to test
the functionality of the amplifier. The first initial functionality tests took place at room
temperature (21 °C) and focused upon the C-band performance of the amplifier. In
addition, the thermal performance of the pump laser diodes was recorded to ensure
they do not overheat. A case thermistor was also present, the overall temperature rise
of the module was also measured. The second stage of testing was to test the module
between -10 & +60 °C to assess the module’s gain and noise figure performance over

temperature whilst at a fixed pump power and signal wavelength.

5.4.1 Initial Functionality Tests

The results of the 21 °C testing are shown in Figures 5.12-5.15. As shown in Figure
5.12, the temperature increase at an operating current of 500 mA is in the region of
9.97 °C with a maximum temperature of 37.77 °C. This validates the thermal design
as the pump lasers will be operating well within their temperature range meaning that
the unit can be reliably operated at a pump current of 500 mA.

Figure 5.13 shows the L-I curve for each of the 7 channels. Channel 7 has a higher
output power than any other the other channels and this is shown throughout the rest
of the data suggesting an issue with the doping profile of the MC-EDF. This test has

also shown that a pump current of 500 mA is suitable for normal operations as at this
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Figure 5.12: Temperature monitor measurements for varying pump drive currents.

operating point it can be seen that the amplifier has started to roll-off and saturate.
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Figure 5.13: Output power as a function of pump drive current for each channel. Input
power = 0dBm. Signal wavelength = 1550 nm. Ambient temperature = 21 °C

Figure 5.14 shows the gain spectra over the C-band showing the gain for each
channel as a function of the seed wavelength. Performance is as expected with a gain
curve which is in-line with the ASE curve for EDFAs. The maximum gain observed
at 1550 nm (a typical operational signal wavelength for many amplifiers and used as a
base wavelength for gain and noise figure measurements over temperature) is 22.86 dB

produced by channel 7.

Figure 5.15 presents the NF measurements as a function of seed wavelength over
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Figure 5.14: Gain as a function of signal wavelength for each channel. Input power
= -10 dBm. Pump power = 500 mW. Ambient temperature = 21 °C

the C-band. The NF measurements were completed by using the standard ASE-
interpolation subtraction method as shown in Appendix C. The results were as expected
and follow the ASE curve found in most EDFAs.

It is positive to note that all the channels were following the same profile for each
result showing the consistency of the result. However, the variations in values between
the channels could be due to two reasons. The first possible reason is that the doping
profile in the MC-EDFA is not uniform spatially, causing variations in gain and NF.
The second reason is that the insertion losses for each channel vary causing the change
in values of output power. In terms of the unit, this does not impact the overall

performance as it is more than suitable for the requirements of the project.

5.4.2 Temperature Testing

The next stage of testing was completed by measuring the gain and NF at a fixed input
wavelength (1550 nm), pump drive current (500 mW) and input power (-10 dBm) whilst
varying the ambient temperature over a range of -10 to +60 °C. The main purpose
of this test was to investigate the stability of the BEACON module as the ambient
environment is changed.

Figure 5.16 shows that the gain is stable over a wide range of operating temperatures

which are commonly seen on-board spacecraft. This is shown through a drop of 2 dB
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Figure 5.15: Noise figure as a function of seed wavelength for each channel.

power = -10 dBm. Pump power = 500 mW. Ambient temperature = 21 °C
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Figure 5.16: The temperature dependence of the gain for over all 7 channels for the

BEACON module.

in gain over the temperature range. This variance in gain over temperature is common

for most EDFA systems.

This pattern is repeated in the results for the variance in NF (Figure 5.17) over

temperature with a variance of NF of no greater than 1 dB (apart from channel 4) over

the temperature range. This is once again typical for EDFAs, highlighting the stability

of the novel MC-PCF present in the amplifier and it’s similarity to typical commercial

systems.
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One point of concern is the NF results for 60 °C as it does not follow the expected
trend. This anomaly is mostly due to the measurement error for this method of NF
and the estimation of the noise floor. It is commonly known that the ASE-interpolation
subtraction method for measuring NF can produce erroneous results (NF < 3 dB) or
results with a large amount of uncertainty. This arises due to how the noise level is
interpolated. If the ASE curve around the signal is distorted, the curve which is fitted

to the ASE curve will be incorrect and therefore a wrong noise value predicted.

‘-)(—NFW ¥ NF2 %NF3 % NF4 %NF5 %NF6  NF7
T T

3.0 L L L L
-10 0 10 20 30 40 50 60

Temperature (°C)

Figure 5.17: The temperature dependence of the NF for over all 7 channels for the
BEACON module.

5.4.3 BEACON Demonstrator

With the amplifier demonstrated to work to it’s specification as defined in Table 5.1,
the unit was shipped such that it could be integrated into the project demonstrator.
For detailed information the author points the reader towards publications describing
the demonstrator and results [5.2], [5.3]. This sub-section shall briefly describe the
demonstrator and the role that the BEACON amplifier described above had in the
system.

The BEACON demonstrator was based at the Instituto de Telecomunicacoes, Aveiro,
Portugal. Figure 5.19 shows a block diagram schematic of the demonstrator and the
role that the BEACON amplifier had. The BEACON amplifier was used to amplify

the signals exiting the MZM array to counteract the insertion loss of the MZMs. As
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Figure 5.18: Photo of the BEACON demonstrator. The MC-EDFA is shown circled in
red.
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Figure 5.19: Schematic of the BEACON demonstrator.

this was a coherent based system, each fiber optic path had to be similar otherwise
an unwanted phase delay would be added to the system; which in turn would cause a
distortion in the beam-forming process.

Practically, trying to keep fiber optic paths the same is not feasible due to the
variability of the splicing process. For example, if one splice is of a poor quality or
breaks during AIT, the splice will have to be re-made. As the fiber would need to be
re-cleaved, this would make one fiber path shorter than the others due to the wastage
being caused by the cleaving process. To counteract this, a variable phase delay was

added to each fiber channel such that the phases could be tuned such that all channels
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are in phase before entering the beam-former.

5.5 BEACON Partner Contributions

The work in this chapter and BEACON demonstrator was the result of a consortium
working together on the BEACON project. The overall project and demonstrator was
overseen by the Instituto de Telecomunicacoes, Aveiro, Portugal. The MZM array was
conceived and assembled by aXenic, Sedgefield, UK. The PIC chip was developed by a
team based at the Instituto de Telecomunicagoes, Aveiro, Portugal and IHP, Frankfurt,
Germany. InPhoTech, Warsaw, Poland manufactured and designed the PCF under
guidance from the author and G&H. The radiation testing of the PCF was completed
by the author. The amplifier design and AIT was completed by the author and G&H.

Finally, end-user oversight was provided by Airbus Defence and Space, Stevenage, UK.

5.6 Conclusions and Further Work

In conclusion, this chapter reports the development and testing of a radiation-hardened
PCF with a reported RIA of 0.72 dB/100 kRad which is currently better than a sim-
ilar commercially available radiation-hardened Er-doped fiber (1.2 dB/100 kRad from
IxFiber [5.9]).

Additionally, the radiation hardened PCF was assembled into a 7-channel MC-
EDFA. The amplifier has a gain between 18.39-24.89 dB and NF ranging between
11.20-4.84 dB over the C-band and all 7 channels, thus showing it’s suitability as
a booster amplifier. The BEACON amplifier design was verified over temperatures
between -10 and +60 °C with stable performance over the temperature range.

The next stage is to qualify this amplifier further was use in space applications
through further environmental testing such as vibration, shock and TVAC. However,
the maturity of the other technologies used within photonic satellite communication
payloads are currently at a lower TRL. Therefore, the extra qualification can be sus-
pended until the TRL of the other PICs are raised to a suitable level. However, this

wait will not be too long as currently there is lots of active development in this field
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[5.10].

The amplifier described in this chapter utilises space-division multi-plexing. Through
the use of space-division multiplexing it is shown that all 7 channels can be communi-
cated through, whilst maintaining performance characteristics when compared to reg-
ular EDFAs. Additionally, the radiation resistance performance for this class of fiber
is proven with radiation testing showing it’s suitability for space applications. Addi-
tionally, as one fiber is being used coherent communications can also be used as the
path length for each channel is the same. In all, this amplifier is novel in expanding the
design space for space-based EDFAs, and highlighting the opportunities for replacing
standard RF payloads with photonics.
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Chapter 6

Conclusions and Path to Flight

This chapter will summarise and conclude the work described within this thesis. The
key developments will be discussed showing the path of qualifying components through
to designing, assembling and verifying a compact laser transmitter and multi-channel
optical amplifier. Secondly, the path towards qualifying and demonstrating in orbit the
modules developed in this thesis will be discussed. Finally the thesis is closed with a

view towards what future applications that the technology in this thesis has enabled.

6.1 Key Findings

This thesis has covered a wide range of topics from all levels of system design. This
ranges from component selection and their suitability for space applications to verifying
a fiber amplifier within a larger system. In a broader sense, although this thesis has
been presented in a portfolio format, the work undertaken has shown how laser trans-
mitters and optical amplifiers can be conceived from an optical schematic and initial
specifications, to selecting and verifying key optical components and on to designing
the overall module, and lastly verifying the performance of the module in a laboratory
environment.

Three new classes of passive optical have been assessed for space use. Two classes
of hybrid component were found to be suitable for LEO applications. The third class

of optical component, a compact 1 pm isolator was also assessed. The outcome of
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the 1 pm isolator testing was inconclusive so additional work is needed to assess this
component for space use. Additionally a selection of COTS and specialist double-clad
ErYb fibers were tested for their response to radiation doses of up to 100 kRad. These
tests will ultimately drive the optical designs of the next generation of high power
optical amplifier and transmitters for space applications.

A 0.2 W, 1 Gbits™!, laser transmitter designed for use within a CubeSat has also
been presented. Challenges such as designing the mechanics and assembling the unit
were overcome due to the unique footprint given by the system integrator. The unit’s
performance was verified an over temperatures of -5 °C to +50 °C and is now at a TRL
of 5/6.

Finally, a multi-channel booster amplifier was developed for RF beam-forming ap-
plications using radiation hardened PCF fiber. The PCF fiber was tested to a radiation
dose of up to 100 kRad and it was found that this fiber performed better than similar
commercially available fiber (0.72 dB / 100 kRad). A multi-channel booster amplifier,
based on this PCF was developed and assembled. The amplifier was assembled and
verified to a TRL of 4/5 through lab-based testing between temperatures of -5 °C to
460 °C. Finally, the module was integrated into a demonstrator and the first demon-

strated case of RF beam-forming via the use of photonics was demonstrated.

6.2 Future Work

As already alluded to within the thesis, the development of the next generation of
laser transmitters and amplifiers for space-based laser communications is not complete
until they are demonstrated in orbit and are commonplace on-board spacecraft. More
specifically, for the components tested in Chapter 3 these components can now be
considered for use in future designs.

By using hybrid components, the component count inside next-generation optical
amplifiers and LTXs can be greatly reduced saving on the volume required for passive
optical components. This is turn enables the next iteration of designs. E.g. The
design currently being developed as shown in section 4.6.1. In addition to commercial

grade high-power amplifiers for space can now be enabled and have in-fact already been
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started to be developed [6.1].

For the currently assembled modules presented in Chapters 4 and 5, these are at a
TRL of 5/6. A simple approach to future work for these modules would be to build a
qualification model of the modules, qualify and demonstrate them in orbit by following
the traditional method of raising TRL within the space industry.

However for CubeSats and micro-satellites, the focus of these spacecraft is that they
are cheap and easy to replace. Therefore, they are typically flown without a rigorous
qualification campaign [6.2]. For the CubeSat LTX shown in Chapter 4, a demonstrator
is planned for Q4 2020. This is an aggressive plan to fly this LTX which would only be
achieved through a limited qualification campaign.

For the multi-channel booster amplifier designed in Chapter 5, the way forward for
this module is different. Although the unit was demonstrated to a TRL of 5/6, the over-
all system’s TRL is much lower at approximately TRL 3/4. This is due to the nature
of the technology within the demonstrator. E.g. The photonic integrated components
(PIC) within the demonstrated such as the phase delay circuitry. In addition to this,
currently a 4-element beam former has been demonstrated. Typically, GEO satellite
have beam formers which have over 100 elements [6.3]. However, it will not be long
until the TRL of PICs is raised sufficiently to be used in space missions [6.4]. Along
with PICs being designed for space use, these devices will be inherently better system
components than traditional fiber optics as fiber optical components were originally de-
signed for terrestrial telecommunication applications and then adapted for space. The
transfer of terrestrial technology to the space domain is no small undertaking; this is
evidenced by this thesis playing a small part in the overall adoption process of using

fiber optics in space.

6.3 Closing Remarks

Fundamentally this thesis has illustrated the design and development process required
for designing the next generation of optical amplifiers and laser transmitters for satellite

communications to a TRL of 5/6. The work described within has started and enabled
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future laser communications systems for space applications by expanding the design
space in which laser communication modules can be built. By pushing the design space
larger this allows future space missions to start using space-based laser communications
in different ways.

Looking forwards, space-based laser communications has a very exciting future.
Already emerging as one of the key technologies to drive the next communication
paradigm shift, laser communications has already shown it’s potential to provide energy-
efficient high-data rate communications from orbit. Future applications are more ambi-
tious than those systems already in orbit. For example, laser communications has been
highlighted as the cornerstone technology for interplanetary communications [6.5] and
downlinking 1 Thits~! from GEO [6.6]. However from a commercial context (which
this thesis mainly addresses), more satellite constellations are being planned or already
being launched into LEO. Unless RF regulations are significantly changed, spectrum
congestion will soon become a very real problem. Thus diminishing the possibility of

using RF solutions and enabling the optical revolution.
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Appendix B

Definition of Technology

Readiness Levels

In this thesis TRL has been used as an indicator as to how mature a technology or
system is for use in space applications. Throughout, the thesis NASA definitions have
been used. Below in Table B.1 is the definition of TRL as used by NASA [B.1]. NB:

For brevity, this table has excluded some information. For the full table see: [B.1].
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TRL Definition

Completion criteria

Basic principles observed and re-

1 ported. Peer reviewed documented principles.
9 Technology concept and/or applica- Documented description that ad-
tion formulated. dresses feasibility and benefit.
Analytical and experimental critical Documented analytical /experimental
3 function and/or characteristic proof- results validating key predictions of
of-concept. key parameters.
T f d d
Component and/or breadboard vali- est‘ periotiance emonstra.t ©
4 L . showing agreement with analytical
dation in laboratory environment. .
predictions.
Documented test performance
5 Component and/or breadboard vali- demonstrating agreement with an-
dation in relevant environment. alytical predictions. Documented
definition of scaling requirements.
System/subsystem model or proto- Documented test performance
6 type demonstration in a relevant en- demonstrating  agreement — with
vironment. analytical predictions.
D f
System prototype demonstration in ocumentefi test per ormar‘lce
7 . . demonstrating agreement with
an operational environment. . L
analytical predictions.
Actual system completed and "flight Documented test performance verify-
8 qualified” through test and demon- ing requirements and analytical pre-
stration. dictions.
9 Actual system flight proven through Documented mission operational re-

successful mission operations.

sults verifying requirements.

Table B.1: Definition of NASA TRL levels
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Appendix C

Derivation of Noise Figure

Measurement

As discussed in Section 2.1.5, the derivation of noise figure (NF) such that it can be
defined in terms of measurable variables. By starting with the definition given by the

IEC standard, IEC 61291-1:2018 [C.1], NF is defined as:

[dB] (C.1)

SNR;,
NF =10 logw <,SW]*215>

The signal-to-noise ratio (SNR) is defined for a received signal to be:

<isig,out>2
SNROUt = <A2in7out>

GNR. - lisigin)”
" <A22n,zn>

(C.2)

Where i4ig is the received photocurrent and < A2, > is the variance of the pho-
tocurrent noise. For most communications systems, the main source of input noise is

shot noise [C.2], [C.3]. This means that the input SNR can be defined as:

nk;

SNRzn = SNRshot = ohv B

(C.3)

Where 7 is the detector quantum efficiency, P, is the input power, h is Planck’s

constant (6.63 x 10734Js), v is the optical frequency and B is the noise bandwidth.
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Assuming an ideal receiver and noise bandwidth of 1 Hz, Equation C.3 becomes:

Py,
2hv

SN Ry, = (C.4)

The expression for the output SNR is given in Equation C.2 but the photocurrent

term can be expressed as:

(iout)> = R®G? P2, (C.5)

Where G is the amplifier gain R is the detector responsivity. The determination of
the noise variance of the output signal is not easy. The best way is to include all the
different spectral noise densities over the noise bandwidth. To simplify the mathematics
the noise power densities into two terms: Excess noise density, S. and shot noise density,
Sshot- By substituting Equation C.5 into C.2 and taking into account the noise densities,

SN Ry is given by [C.3]:

R?G?P?
SNRoyt = o C.6
' BR? (Se =+ nilsshot) ( )
Assuming an ideal receiver and noise bandwidth of 1 Hz, this becomes:
G2 P?
SNRyyt = —— C.7
‘ Se + Sshot ( )
Combining Equations (C.4), (C.7) and (C.1) yields the result:
P Se + Sshot
NF = 10logy [2]“/ X G ]
Se Sshot
NF =101 C.8
o810 [2huG2an * 2huG2an] (C8)

The result given above is the general noise figure equation from which either the
NF can be measured optically or electrically. Most optical telecommunications test
equipment completes measurements in the optical domain and this shall be focused

upon. It is well known within the telecommunications industry that the main sources
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of noise in an optical amplifier is the signal-spontaneous beat noise and shot noise [C.2],

[C.3]. This modifies the noise densities to be [C.3]:

Se = Ssigfsp = 4PASE'G-Pin

Sshot = 2hVGPm

(C.9)

(C.10)

Where pasg is the ASE spectral density which can be measured by using an OSA.

Substituting (C.9) and (C.10) into (C.8) gives:

4paseGPy  2hvG Py,
2hG2y 2hvG2P;,

Set Title...

Options...

Printer
Setup...

(C.11)

Figure C.1: A photo of a typical EDFA OSA scan in which the noise cannot be distin-

guished from the signal.

One major problem in measuring NF is the separation of ASE from the noise of

the source. Figure C.1 shows a typical EDFA OSA scan showing the difficulties in

measuring NF. Here it can be seen that the noise at the signal wavelength is masking

both the ASE and signal noise making a NF measurement unreliable, if not impossible.
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To waylay this issue, the source subtraction technique adjusts for this by including the

source noise in the calculation [C.3]:

2ptotal l _ QPSSE

NE = 10logio Ghv G hv

(C.12)

The noise densities represented above relate to the polarised noise densities. How-
ever in practice measurements taken include the noise in both polarisation directions
and it is assumed that these are equal. Equation C.12 can be translated into measur-
able quantities by replacing the un-polarised noise densities with the measured power
over the measurement bandwidth (given by the OSA resolution and signal wavelength).
ie. 2pi0tal = Pasp/B & 2pssp = Pssgp/B. Where B is the measurement bandwidth
given by B = cAMN/A\2. Where Pasg is the measured ASE power, Psgg is the measured
source noise and A\ is the OSA scan resolution bandwidth. Both are measured at the
signal wavelength. As shown in Figure C.2 these measurements must be derived from
the spectrum shape of the signal after it has passed through the amplifier and signal.
This is achieved by optically switching out the signal so that it can be measured sepa-
rately from the amplifier. By using the interpolated noise powers, Equation C.12 can

be rewritten as the final result:

PaspX® 1 PsgpA3

NE=10log10 | G2 3AN TG ~ he2an

[dB] (C.13)

However, there are a few caveats to this definition of NF. The first is that the
method described above is largely dependent on having a signal with a stable SNR.
Otherwise the accuracy of the measurement becomes compromised as it is assumed
that the main sources of noise are from the amplifier, not the source. Another source
of uncertainty in the source subtraction method is the when the amplifier is used in
WDM systems as the noise contribution from the sources will be much higher, thus
increasing the uncertainty in the measurement.

Secondly, there are more accurate and precise methods of measurement such as the
time domain extinction (TDE) method. However, the source subtraction method is the

simplest method which is easy to implement making it ideal for the rapid development

212



Appendix C. Derivation of Noise Figure Measurement
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Figure C.2: A graphical representation of the measurements needed to measure NF.
The signal wavelength is shown in red.

of optical amplifiers. In addition, the losses of the optical switches needed in the TDE

method are not present in the source-noise subtraction method.
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