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Introduction

SATellite COMmunications (SATCOM) are changing their paradigm: moving from being a “niche”
technology, they are going to enable services much closer to the common consumer experience, as
already happened in the past for Internet access and mobile telephony. This translates into new
mission scenarios, characherized by the provision of global coverage, increased datarates and
connectivity with users and systems that can be also different from those typical of a satellite
infrastructure. In this sense the satellite nework can be now conceived as part of an extended “system
of systems” providing reliable, performant and secure communication services and opening new
market opportunities. This trend is supported by the research efforts of European and national
mstituions, univerity and industry, which boost the development of those technologies considered
enabling for the implementation of such a telecommunication system. In this field optical and
photonic technologies play an important role. This thesis work is part of this line of research, with the
aim of studying the applicability of optical/photonic technologies on board SATCOM payloads and
providing a system demonstration of them. The first part of this thesis document (Chapter 1) provides
an introductory onverview on satellite communications. After a summary of its main services and
applications, the typical structure of a SATCOM system is described, as well as the main payloads
architectures and the orbits taxonomy. Finally current scenarios and future trends for SATCOM are
pointed out, with emphasis on High and Very High Throughput Satellite Systems (HTS and VHTY),
mega-constellations in Low Earth Orbit (LEO), Space Optical Transport Networks (Space OTNs),
micro and nano satellite constellations, which constitute the starting points of the future concept of a
full interconnected SATCOM system. The second part (Chapter 2) focuses on optical/photonic
technologies. In particular two approaches are proposed for their application on a SATCOM system:
the first one is “at payload level”, in which some payloads subsystems and the related functionalities
are implemented in the optical domain instead of in the microwave/electric one; the second one is “at
link level”’, where optical space-space and space-ground links are exploited instead of the classical
RF connectivity. Then, the benefits of both the microwave-photonic technology and the free space
optical communication technology are analyzed. Finally the resulting payload architectures are
described, namely the hybrid microwave/photonic payload concept and the optical payload concepts,
highlighting their differences and commonalities. The last part of this thesis document (Chapter 3,
Chapter 4 and Chapter 5) focuses on some of the subsystems/functionalities included in the above
payload architectures, in particular hybrid microwave/photonic frequency conversion, optical

beamforming for hybrid microwave/photonic payloads and optical circuit switching in free space



optical SATCOM systems. For each of them, after a short technological state-of-the-art overview, a

system simulation and performance evaluation is provided.



1.0verview on Satellite Communication

The SATellite COMmunication (SATCOM) industry is experiencing a renewal phase: if in the past
decades it was linked mainly to military and mstitutional missions (e.g. communications in case of
emergency, public protection and disaster relief, ...) with a limited commercial market such as Direct-
To-Home broadcasting (DTH) and sat-phone (satellite phone) communications, nowadays new
satellite paradigms are enabling new horizons. This is due to the possibility offered by satellite
systems to allow increasingly efficient connectivity, and therefore access to data, in a similar way to
what already happens with both wireless and wired terrestrial access infrastructures (e.g. DSL
networks, fiber-based networks, Wi-Fi, WIMAX, 5G and beyond networkss, etc.). This development
is highly stimulated and supported both by European mstitutions (European Commission and ESA)
and by national and regional ones (in case of Italy ASI, Italian Government, Committee of Italian
Regions) since it would support the effective reduction of the Digital Divide in Europe and in the

Mediterranean area.

1.1 Services for future SATCOM systems

Telecommunication satellites for commercial and military applications must be able to support a wide
range of scenarios, satisfying for each of them the relevant user-side mission requirements and market
needs. In first instance the fundamental requirement consists in the provision of a secure and reliable
connectivity (e.g. Internet connectivity) to all users. Secondly, within the SATCOM field, there are a
series of services, and therefore potential users, linked to those situations in which the terrestrial
network infrastructures are not sufficient or are able to guarantee only limited performance (e.g. in

terms of capacity) with respect to the user traffic needs.

The main services to be supported by SATCOM systems are:

e Trunking: creation of a backbone betwork where it is not possible, or in any case
economically disadvantageous, to implement it in wired form.

e High throughput connectivity for companies and individual users: satellite accessis a
winning solution in areas where terrestrial networks are unable to guarantee a certain quality
of service in terms of bandwidth.

e Connectivity in remote areas:unlike the previous case, in those areas of the World that are
not fully served by terrestrial networks, satellite technology represents the only possible
solution to the problem (reduction of the Digital Divide).



e JoT (Internet of Things): future satellite systems will have to be able to manage the traffic
generated by IoT applications such as sensor networks, intelligent home automation systems,
smart city systems and others.

e Support to/integration with cellular networks: backhaul connections for base stations
unreachable by terrestrial networks and integration with latest generation cellular systems
(Beyond-5G and 6QG).

e HDTYV broadcasting: ensuring High Definition Digital TV with interactive content for fixed
and mobile users.

e Multimedia contents :management of traffic linked to data, audio and video content in digital
format and generated by applications oriented towards online services, teleworking,
telemedicine, e-learning, e-commerce and so on.

e Telephony: guarantee mobile telephone services in areas of the World not served by the
traditional cellular network.

e Mobile services: guarantee secure and reliable connections to mobile end users, such as

aircraft for PPDR (Public Protection & Disaster Relief), trains, ships, land vehicles and so on.

1.2 Satellite System architecture

Generally speaking a radiofrequency (RF) satellite communication system is constituted by three

mains parts [1], called segments, as shown in Fig 1.1:
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Figure 1.1: Satellite System architecture



Space Segment: it consists of a single satellite or an entire constellation of satellites. Each
satellite is in turn made up of a payload (P/L) and the platform (P/F) that hosts it. The P/L
contains transmitting (Tx) and receiving (Rx) antennas and all those electronic systems
responsible for transmitting and receiving carriers. In this context, the term transponder
indicates the set of devices that are crossed by each of the N radio frequency (RF) channels
from the Rx to the Tx antenna of the satellite; it follows that a single P/L can contain an N
number of transponders. In fact, in the simplest case, the satellite performs the function of a
multi-channel repeater carrying out filtering, amplification, switching, multiplexing and
frequency translation, while in other more complex cases it can also carry out the routing of
the carriers from an upbeam towards a given downbeam. The most complex case foresees a
real on-board processing of the signal, after demodulation of the the uplink carriers. The P/F,
on the other hand, includes all those subsystems that allow the correct operations of the P/L,
such as propulsion, electrical power supply, temperature control, attitude control and
stabilization, etc.

Ground Segment:it includes all the ground stations that can be connected to the final end-
user either through the already existing terrestrial communication network or directly
connected to them in the case of small stations, called VSAT (Very Small Aperture Terminal).
Ground stations can be divided into three types: final end-user stations, such as portable
telephones, mobile stations and VSAT, which allow the customer to direct access the space
segment; interface stations, known as gateways, which connect the space segment to the
terrestrial network; finally service stations, such as hubs or feeder stations, which collect or
distribute information from/to to user stations across the space segment. A peculiar aspect of
ground stations is the size of the antennas, which can vary from a minimum of 0.6 m to a
maximum of 30 m in diameter, depending on the volume and type of traffic that must be
managed. Furthermore, stations canbe Tx/Rx or Rx only.

Control Segment: it consists of all the ground systems for controlling and monitoring the
satellites and for managing the traffic and associated resources on board the satellite. Among
them, the TT&C (Telemetry, Tracking and Command) system and the OBDH (On-Board Data
Handling) system can be mentioned. The TTC system manages the operations of the entire
spacecraft, by receiving control signals from the ground to carry out maneuvers and changes
in the state and operating mode of the equipment, by transmitting the results of measurements
and information about the operation of the satellite equipment, by verifying the execution of
commands from the ground station, by allowing measurements of the distance between the

satellite and the ground and its radial velocity in order to allow the localization of the satellite.
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The ODBH system, on the other hand, manages all the processing and formatting operation

of the service data together with the traffic data.

1.3 SATCOM payload achitectures

As introduced before, in a SATCOM mission the payload includes all those systems and equipment
responsible for receiving, processing and transmitting signals. The architecture of a SATCOM
payload can be more or less complex depending on the implemented functionalities. Generally in

literature it is useful to divide SATCOM payloads into three large categories [2]:

e The simplest architecture is the so-called bentpipe payload (Fig. 1.2), which simply converts
the uplink signal from one frequency to another one and then transmits it in downlink, in order
to decouple the two paths (Rx and Tx) avoiding mutual interference between them. The
received waveform is not demodulated, so that the received signal is not processed at the
binary information level. For this reason, channeling (i.e. the operation of dividing the
received band mnto the various channels and sub-channels) and routing can only be carried out
at transponder level using analogue techniques and components. A first possible approach is
the so called transponder-hopping, in which a pre-established frequency band Bij is assigned
to all those users in the beam i1 that want to communicate with those in the beam j. A second
approach, necessary when the number of beams to be managed becomes high, is the satellite -
switched time-division multiple-access (SS/TDMA), in which time is divided into frames in
such a way that the time Ti is used by all those users in the beam i and that want to
communicate with the users in in beam j. Switching is carried out by a control unit that
manages the connections between uplink and downlink, in a timed manner, with a switching
matrix. The limits of this type of architecture consist in a heavy payload and high power
consumption due to the use of analog solutions, an inefficient exploitation of the capacity
offered by the individual transponders and in the fact that the effects of the corruption and
degradation of the signal arriving in the uplink are inevitably transferred to the downlink

signal.
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Figure 1.2: Bentpipe payload

The most complex architecture is that of the full-processing payload (Fig. 1.2), n which the
received signal is demodulated and decoded at the binary information level in order to
regenerate the original signal and the related transmitted data. Once this is done, a recoding
of the information and a remodulation of the signal is carried out before transmitting it again
in the downlink, using modulation and coding schemes that are the same or different from
those used in the uplink. The advantages of this approach are multiple. Routing can be carried
out at the packet level so that the routing subsystem can be implemented using analog and
digital components, allowing savings in terms of mass and power consumption and raching
the optimization of the the bandwidth efficiency and the obtained throughput of the system.
Finally, performance is also clearly improved in terms of achievable BER: since the signal is
regenerated, its inevitable degradation in the uplink no longer affects its quality in the
downlink. Obviously a payload of this type has the disadvantage of having a very complex

functional architecture.
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Figure 1.3: Full-processing payload



e A compromise between the two previously mntroduced architectures is represented by the
partial-processing payload (Fig. 1.4). In a payload of this type the mput uplink signal is
demodulated but not decoded (a dual consideration can be made for the output downlink
signal). For this reason, in case of corruption of the original binary information, it cannot be
restored, in the sense that an error that occurs during the detection phase cannot be corrected.
Anway, due to the presence of demodulation and modulation operations, the decoupling
between uplink and downlink with regards to signal degradation due to radio channel
impaiments and noise is still guaranteed. Due to the lack of decoding and encoding
functionalities, packet routing is generally not possible: it can only be implemented if the
packet header, which contains the routing information, is not encoded. In this case the overall
packet is composed by the combination of an unencoded packet header and an encoded packet
payload. Another possible approach could be to include in the payload architecture a full-
processing subsystem that processes only the packet headers, which therefore in this case can
be encoded. Taking in account all these considerations, it canbe said that, as regards the end-
to-end performance mherent to BER, a partial-processing payload has intermediate

characteristics compared to the other two previous types of payload.
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Figure 1.4: Partial-processing payload

1.4 Orbits taxonomy

The trajectory followed by the satellite during its motion around the Earth, in accordance with
Kepler's laws, lies on a plane and generally has the shape of an ellipse, with the Earth occupying one
of the its two foci, with the maximum extension at apogee and minimum at perigee. Furthermore, as
a consequence of the principle of conservation of angular momentum, the satellite moves along its

orbit more slowly when its distance from the Earth is greater, so that its orbital speed is, in module,



maximum at perigee and minimum at apogee. In relation to the most advantageous orbits in the

SATCOM context, the main types of satellites can be classified as follows:

Low circular orbits (LEO, Low Earth Orbit): the altitude of a satellite in this type of orbit is
constant and equal to several hundred km, with an inclination close to 90° and an orbital
period of the order of 1.5 h. This type of orbit ensures long-term worldwide coverage as a
result of the combined motion of the satellite and the Earth's rotation. A constellation of
several dozen satellites in low circular orbit (these satellites, having a speed of revolution
around the Earth greater than its rotation speed and therefore a limited visibility time, must be
in large numbers to ensure continuous coverage) can guarantee real-time communications
(contained propagation delay of approximately 20-25 ms) with worldwide coverage.
Currently these lower orbits are also exploited for a particular type of satellite system, that of
the so-called "miniaturized satellites", ie. satellites of reduced size and mass, such as mini
satellites (from 200 to 400 kg) and micro satellites. (from 60 to 200 kg), just to give few
examples.

Medium-height circular orbits (MEO, Medium Earth Orbit): they have an average height of
about 10,000 km, an inclination of about 50° and an orbital period of about 6 hours. In this
casea constellation of approximately 10-15 satellites is able to guarantee continuous coverage
of the Earth's surface.

Circular orbits with zero inclination, ie. equatorial orbits (GEO, Geostationary Earth
Orbit): the best known is the geostationary satellite orbit, along which the satellite orbits
around the Earth in the equatorial plane and in its own direction of rotation at a height of
35,786 km and with an orbital period of 24 h. For this reason, to an observer placed on the
Earth's surface, the satellite appears as a fixed point in the sky. In this case, only 3-4 satellites
are needed to guarantee global coverage of the planet, as each satellite continuously subtends
an area of visibility equal to approximately 43% of the Earth's surface.

Elliptical orbits on a plane inclined at 64° with respect to the equatorial plane: this type of
orbit is particularly stable with respect to the irregularities of the Earth's gravitational field
and, thanks to its inclination, allows the satellite to cover regions at high latitudes for large
fractions of the orbital period when it passes through apogee. Continuous coverage can thus

be obtained with three satellites appropriately phased in different orbits.

It should also be noted that it is possible to have hybrid satellite systems, which can include

combinations of satellites on both circular and elliptical orbits. Obviously the choice of the most

appropriate orbits depends on a series of considerations which may be the nature of the mission, the
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extension and latitude of the area that must be covered, the elevation angle at which the satellite must
be seen, the acceptable levels of interference and delay (e.g. considering time-tolerant and time-

sensitive missions and services), the type of launchers to be used.

1.5 Current scenarios and future trends for SATCOM systems

As already hilighted at the beginning of this chapter, the space, and SATCOM in paricular, is
experiencing an epochal renewal that is leading it to rapidly change its paradigm of "niche"
technology to become something much closer to the common sense of consumer-type products and
services as it is already in the case of mobile telephony, access to the Internet and so on. New satellite

and contellation paradigms are catching on, providing wider services and opportunities.

A first notably example is providled by High Throughput and Very High Throughput Satellite
systems (HTS and VHTS systems). They are advanced SATCOM systems, mainly in Geostationary
Orbit (GEO) but also in Non-Geosstationary Orbit (NGSO), capable to provide significantly higher
data transmission capacity (hundreds of Gbps) with respect to to traditional satellites (tens of Gbps)
and supporting a wide range of services like broadband internet, cellular backhaul,
government/military communication, and in-flight connectivity, ensuring at the same time a lower
cost per transmitted bit compared to traditional satellites. This is possible due to the fact that these
kind of systems are capable to ensure an optimized service, dinamically tuned on the bais of the user’s
needs in therm of traffic, coverage, Quality of Service (QoS) and so on, for example by implementing
flexible ground coverages (i.e. the cability to provide a dynamic adaptation of the coverage during
the flight and/or the generation of new coverage areas) and flexibe management of on-board
resources (e.g. the possibility to adjust dinamically the power per channel in order to follow
communication needs or to face with communication impaiments, the possibility to change over time
the number of available channels on a specific coverage area, the possibility to dinamically coordinate
the frequency plan according to traffic and coverage variations). These capabilities rely on the
implementation of innovative technological approaches [3-4]: higher frequency bands, such as Ka,
Q/V and W, narrow multi-beam ground coverages (from tens to hundreds of spot-beams), frequency

reuse, advanced On-Board Processing (OBP) capabilities (e.g. with signal regeneration).

The second example of new satellite constellation paradigm is provided by mega-constellation, a
group of satellites tipically in Low Earth Orbit (LEO), i.e. altitude < 2000 km, operating together to
cover a huge part, or eventually the whole totality, of the Earth surface. These satellites are placed on
a surface defined by various orbits near to each other and connected to form a space network, ie. a

network of satellites in which each space node is able to be connected to some others by means of
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Inter-Satellite-Links (ISLs) and Inter-Orbit-Links (IOLs), in addition to the connectivity with the
Ground Stations (GS) by means of feeder links (FLs). In the field of mega-constellations, three
important players are OneWeb [5], SpaceX with the Starlink constellation [6], Telesat with the Telesat
Lightspeed constellation [7] and finally Amazon with the Kuiper project [8]: a technical comparison
of the above space systems, especially in terms of total throughput and number of served gateway
antennas on ground, is provided in [9]. Mega-constellation satellites canrely on improved capabilities
due to digital payloads implementation, steerable multi-beam antennas implementing frequency reuse
schemas (in the same way of the terrestrial cellular networks), high performance modulation and
coding (MODCOD) techniques, etc. Other key features and technologies are analyzed in [10]. Finally,
the main opportunities guaranteed by mega-constellations [11] are the provision of broadband
communication over a fair and global coverage and the capability to support delay-intolerant
applications requiring a reduced latency, e.g. 250-350 ms of round-trip-time (RTT) of a GEO satellite
versus 30 ms of RTT for a LEO one.

The third example is provided by the concept of Space Optical Transport Network (Space OTN)
[12-14], a satellite constellation composed by a certain number of space nodes (in GEO, MEO and
LEO orbits) with the capability to establish space-space and space-ground links in the optical
frequencies instead of the radiofrequency (RF) ones. Compared with the RF links, the Free Space
Optical (FSO) links present some advantages such as higher achievable data rates, smaller antenna
sizes (leading to reduced on-board mass, volume and power consumption), higher directivity and
lower beam divergence, leading to higher resilience to interference and higher security (no possibility
to intercept or jam the optical beam), no constraints coming from spectrum allocation regulation [15].
A comprehensive summary on technologies and applications of FSO links to satellite communication
networks is provided in [16]. An innovative space system concept is represented by the European
Data Relay System (EDRS), a European constellation currently composed by two GEO satellites
(EDRS-A launched in January 2016) designed to provide datarelay and data forward services based
on both optical and RF (Ka band) Inter Satellite Links (ISLs) with non-geostationary satellites, space-
crafts, Unmanned Aerial Vehicles (UAVs) and classical RF connectivity with Earth stations [17-19].
In addition to the FSO links, asin the case of the EDRS system but also applicable to small satellite
constellations as above [20-22], allowing in line of principle connectivity between space nodes
(implementing some network topologies such asring or mesh) and with the optical stations on ground
(if Optical FL is present), a further improvement to the system is provided by the implementation of
on-board wavelength circuit switching: if Wavelength Division Multiplexing (WDM) is adopted,

space nodes with routing/switching capabilities can implement optical circuit switching by
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demultiplexing optical channels at each input port, routing each of them independently to the required
output ports and finally multiplexing again all the wavelength at each output port [23]. Such as space
infrastructure can integrate the transport service provided by the terrestrial network in a vision of

seamless integration between the Space OTN and the Ground one.

Another promising space network scenario is represented by micro and nano satellite
constellations, in particular cubesats [24]. Considering their reduced dimensions and limited costs
for development and launch, cubesats can be exploited for a wide range of missions and applications
such as technology demonstration, Earth observation, communication, deep space exploration,

educational and scientific purposes, surveillance [25-26].

1.6 The new concept to conceive and mplement SATCOM

The representative scenarios described in the previous paragraph constitute the starting points to
conceive a new concept of SATCOM system implementing, as already done in the terrestrial case, a

full networking capability in the satellite telecommunication infrastructures, as depicted in Fig. 1.5.

35786 Km
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Figure 1.5: Architecture of an heterogeneous integrated space-terrestrial network

The two main pillars on which this architecture is based are:

e Heterogeneity,due to the fact that such anetwork interconnects different typologies of nodes,
i.e. space nodes (satellites at different altitudes), airborne nodes (e.g. airplanes, UAVs, high

altitudes balloons, drones, ...) and terrestrial/maritime nodes (both fixed and mobile);
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e Integration, since different kinds of networks are seamless interconnected each other, being

transparent from the user service and experience point of view.

Such a network has a tree-dimensional architecture composed by different layers. Satellites at
different altitudes (GEO/MEO/LEO-VLEO) constitute the more external layers. The interconnections
between themselves (by means of ISLs-IOLs) and with stations on ground (by means of FLs)
represent a backbone network in space providing transport/trunking services, e.g. delivery of high
amount of aggregated traffic: in the specific case GEO links are suitable for delay tolerant traffic,
LEO more suitable for delay sensitive traffic. In addition, they can also provide accessto users in
space (e.g. other satellites without FL capability, airborne users, ...) and on ground (e.g. ships, ground
users in remote locations not served by terrestrial connectivity, ...). Airborne nodes are both nter-
connected to space and potentially also with ground. Finally ground nodes (in addition to maritime
ones) are part of terrestrial networks such as cellular mobile networks (user mobiles connected to the
relevant Base Tranceiver Stations), satellite ground stations (GSs) connected to internet, mobile
satellite terminals, sensor networks for IoT Applications, etc. It is worth to note that this kind of
scenario requires the capability to interoperate different pieces of network relying on different

physical media and protocols.
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2.Photonic technologies for SATCOM systems

All the current future scenarions described at the end of the previous chapter are supported by a wide
range of technologies that, originally developed for terrestrial applications, currently are being
integrated in space applications. For example, Beyond-5G and 6G technologies give an opportunity
for the itegration of Non-Terrestrial-Networks (NTNs), which include LEO-VLEO satellite
constellations [27], into already existing terrestrial infrastructures, with the aim to create an integrated
seam-less hybrid network [28]. In this sense the Third Generation Partnership Project (3GPP) has
defined a set of architectural scenarios to enable 5G protocol to support NTN networks [29-30]. Also
Internet of Things (IoT) applications [31] can take benefits from support provided by satellite
communication systems. Inaddition to the abovementioned technologies, mainly solving the issue to
interoperate different networks relying on different protocols, optical/photonic technology represents
the key enabling solution to overcome the inherent technological problems relted to such a complex
systems, as emerged in [32-34], in addition to their the high-demanding data rate target (terabits
communication as final future goal), and it has been extensively studied [35-37]. Otical/photonic

technology can be successfully exploited mainly attwo levels:

e Payload level, by making more efficient and simple on-board payload functionalities and
operations usually perfomed if the electical/microwave domain;

e Link level (space-space and space-ground), by providing an alternative to classical RF links
with an increased performace in terms of achievable capacity and without regulatory

constrains and “frequeny oppression issues” as in the RF case.

Anyway it is worth to note that the optical/photonic technology does not provide a fully alternative

to completely replace the standard microwave one due to the following reasons [38]:

e In current SATCOM systems the User Segment is implemented in standard RF/electrical
technology, with a high degree of technological maturity at reduced costs; the user-side
terminals exploit RF links to have accessto the Space Segment and sometimes these same
terminals can also be shared to have access to terrestrial networks, as in the case of cellular
telephony. All this makes optical link technology mnapplicable and inconvenient on the User
Segment side and this translates, at payload level, into the impossibility of completely
renouncing to the presence of RF sections (e.g. antenna systems in Tx and Rx, initial RF
filtering and amplification operations, etc.). Instead optical links can be effectively

implemented in case of gateways (OGSs, Optical Ground Stations) owned by SATCOM
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Operators handling aggredated traffic (ie. trunking service), corporate ground stations or
OGSs for military scopes, thus justifing the had-hoc applications and related costs.

e [tis more convenient to consider photonic technology as a solution to be integrated with RF
technology, rather than a total replacement of it, due to the technological advantages provided
by the current state of advancements of RF technology, which has been obtained thanks to the
investments made over time by various players in the space technology market (primarily
Satellite Operators). So the most convenient and gradual way to introduce photonics in the
SATCOM context is to propose the replacement of payload subsystems/critical units for which
RF technology has achieved significant improvements or is too complex to implement with
respect to the photonic equiovalent ones. In addition, while photonic technology is fully
mature for terrestrial applications, some architecture and implementations need to br qualified
for space applications.

e The coexistence of both photonic and microwave technologies is the best way to carry out a
performance comparison between them, in order to demonstrate to Satellite Operators and in
general to all customers in the space market the achievable improvements in terms of size,

weight, power consumption and, in perspective, cost savings.

2.1 Benefits of combined micrewave-photonic technologies

As a consequence of the increase in target perfomances and in payload architecture complexity
foreseen for the SATCOM scenarios prevously introduced, a proportional growth in on-board needed
resources (in terms of mass budget, power budget, numbers of equipment to be embarked, etc.), and
consequently in costs, is expected. By way of example, in the futuristic VHTS scenario described in
[39] with a payload providing 1008 spotbeams on the user side and 90 spotbeams on the gateway
side, the payload budgt shows a mass of 3989 kg and a power consumption of 58, 8 kW; the power
dissipation corresponds to 43,5 kW, correspong to a power efficiency of only 26%. In addition to the
above described issues, an increased payload complexity brings also the increase in the duration and
complexity of the assembly, integration, testand verification phases (AIT-AIV, Assembly Integration
Test and Verification) must also be taken into account, as well as the costs related to the launch. To
face with these problems, the introduction of photonic technology for the implementation of some
functionalities within a SATCOM payload can bring to potential advantages if compared with their

implementation in the traditional RF/microwave technology [40]:

e Reduction of the number of on-board equipments and components bringing to mass and

volume saving, thanks to the intrinsic characteristic of photonic technology to be miniaturised;
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e Reduction of the required power budget (this aspect, anyway, will be more significative only
with a complete payload implementation i photonic technology);

e Improved performance in terms of bitrate/bandwidth;

e Reduction/immunity from electromagnetic interference (EMI);

e System transparency, i.e. independence of mput/output from the frequency of the RF signal;

e Low payload internal propagation losses;

e Reduced risks during the launch phase (robustness against vibrations, electromagnetic
compatibility, etc.);

e Fasy scalability of functionalities to be implemented, e.g. scalability of switching/routing
functionality on large payloads where current standard microwave technologies may be

unfeasible.

A direct consequence of the above mentioned advantages consists in the reduction of the total costs
for launching satellite systems guaranteeing a given processing and transmission capacity (Cost for
In-Orbit Delivery of Capacity): for this reason photonic technology canbe exploited with advantage
in a series of future mission scenarios ranging from the already introduced Terabit systems (VHTS)
to mega-constellations of LEO/MEO satellites, to different applications such as Navigation, Earth
Observation and Deep-Space exploration. Another consequence is the reduction of the costs related
to payload manufacturing [41] due to different aspects such as reduction of all analytical and testing
activities related EMC compatibility verification and certification, reduction of engineering effort for
payload accomodation (faster unit installation and test on spacecraft panels due to a reduced payload

complexity) and so on.

2.2 Benefits of free space optical communication

Satellite-based Free Space Optical (FSO) communications represent a cutting-edge technology
providing an alternative approach, if compared with classical radiofrequency (RF) communications,
to transmit data across free space. It cannot be considered a fully replacement for the RF one due to
the fact that FSO links allow only a point-to-point connectivity and also considering that RF systems
represent a consolidated and proven solution for SATCOM missions. The Table 2.1 below provides a

summary on the comparison of these two technologies across various aspects:

Table 2.1: Comparison between RF and FSO technologies

FEATURE RF TECHNOLOGY FSO TECHNOLOGY

Licensing Limited and shared by multiple users. | License-free operations.
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FEATURE

RF TECHNOLOGY

FSO TECHNOLOGY

Higher available bandwidth capable to

Lower available bandwidth.

Bandwidth support datarates in the order og gbps or
higher.
High resistance to eavesdropping and | Possibility to intercept or block the
Security . ) o
jamming. communication.
Immunity to electromagnetic | Lower robustness to interferring signals
Interference ) )
interference. and other noise sources.
Alignment Line-of-sight not required. Line-of-sight required.
Higher beam divergence due to the | Reduced beam divergence, translating into
higher operative wavelenght range. the capability to supply the same power
Divergence o ] .
density in a longer distance, given the Tx
antenna dimensions.
P Less constrained pointing requirements | Demanding  pointing  requirements,
ointing
due to higher beam divergence. translating into remarkable losses due to
requirements o
pomting error.
Less affected by  atmospheric | Strong dependance from atmospheric
Environmental . ) ) )
conditions absorption, scattering, turbulence, rain,
conditions

fog, snow, pollution, etc.

In conclusion, both FSO and RF communications have their advantages and limitations. Certainly

FSO offers higher bandwidth, faster data transfer speeds and enhanced security, anyway the choice

between them depends on the specific requirements of the application, environmental factors and

available technology.

2.3 Hybrid microwave/photonic payload concept for RF-based SATCOM

As investigated in some activity studies conducted by the Europen Space Agency [42-43] and the

European Commission [44], the introduction of photonic technology in SATCOM systems, based on

RF links, is achievable by means of the definition of a hybrid microwave/photonic payload

architecture in which a set of payload functionalities, and the related subsystems, can be implemented
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i the optical domain instead of in the electrical one [45]. In detail the main functional building blocks

to be considered for implementing on-board functionalities in the optical domain are [34,40,42,43]:

Photonic frequency generation provides the satellite with the needed reference RF
frequencies by directly generating them in the optical domain and subsequently distributing
them in the same way (photonic local oscillators and optical amplifier are needed);

Photonic fre quency conversion, for the mixing in the optical domain of received RF signals
in order to perform up/down conversions (electro-optical mixers and opto-electronic detectors
are needed);

Photonic routing/switching and on-board subsystems interconnection, providing the
optical signal routing capability (large optical switching matrix) and the interconnectivity to
all the hosted photonic components (optical couplers and switches, power combiner/divider,
WDM multiplexer/demultiplexer, optical filters, fibres and connectors are needed).
Photonic beamforming, which provides the capability to control the directivity of
electromagnetic waves using optical components: instead of using electronic devices, in
photonic beamforming incoming electrical signals are converted into optical ones; after being
manipulated to give them the required phase shifts, they are converted again in the electrical

domain to feed the antenna elements.

All the abovementioned building-blocks are supported by a set of “basic operations” implemented in

the optical domain providing a functional architecture of the telecommunication payload, asdescribed

in following.

Electro-optic (EO) and Optical-electric (OE) conversion

On the basis of the frequency range of the RF signal to be translated in the optical domain, two

approaches can be applied for EO conversion: i) direct modulation of the laser diode for low

frequency RF signals (e.g. 5-10 GHz) not exceeding the electrical band-width modulation of the laser

source and i) externally modulated laser diode, recurring to an electro-optical modulator (e.g

LiNbO3 modulators) for higher frequency ranges (e.g. more than 10 GHz). It is worth pointing out

that for OE conversion, photodiodes with high bandwidth detectable signal and good responsivity are
available (e.g. pin InGaAs photo-diodes at 1550 nm).
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Reference frequency generation

A set of RF reference signals are produced and then transferred on different optical carriers,
constituting the on-board photonic local oscillators which are involved in further signal processing
functionalities such as frequency up-down conversions. For this purpose, two different approaches
are possible. The first approach is derived from the abovementioned EO conversion techniques,
implying conventional RF/microwave oscillators. The oscillator signals are transferred over optical
carriers by means of direct modulation or external modulation of a continu-ous wave laser. This latter
solution offers the advantage of exploiting the intrinsic non-linearity of Mach-Zehnder electro-optical
modulators and their different bias point (QB, ie. Quadrature Bias point or MITB, i.e. Minimum
Transmission Bias point). There-fore, it is possible to obtain harmonics of the iput reference
frequency and to achieve the final generation of 100 % modulation high spectral-purity oscillators up
to 30 GHz. The second approach is suitable for the generation of reference oscillators in very high
frequency bands, e.g. Q/V bands, with high spectral purity and stability. It consists in generating these
signals directly in the optical domain exploiting free space cavity-based optical oscillators, fibre-
based optical oscillators, optoelectronic oscillators and electrooptical modulator based optical

oscillators.

Filtering of RF signals in the optical domain

Microwave photonic filters offer some advantages with respect to the conventional technology, e.g
high bandwidth availability (up to THz frequencies), tunability and re-configurability, reduced mass
and volume. A typical configuration is the discrete time delay-based one [46].

Optical routing/switching

In the optical domain, the capability to perform on-board switching operation is nec-essaryto manage
the connectivity between different spot-beams both in the up-link and in the down-link. For optical
switching implementation, different technologies can be considered [47] such as thermo-optical
switch, electro-optic switch (based on LiNbO3), Semi-conductor Optical Amplifier (SOA) based
switch and Micro-Opto-Electro-Mechanical System (MOEMS) based switch [48].

Opftical distribution of signals and optical amplification

The implementation of payload subsystems interconnection exploiting the photonic technology (by
means of optical fibres, mux/demux, coupler/divider, etc.) has the main advantage of allowing the
replacement of traditional microwave/electronic interconnections such as copper cables, coaxial

cables, microwave waveguides, etc. Traditional interconnections are suitable only for the particular
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frequency range for which they are designed. Conversely, optical fibres canbe exploited to transport
over optical carriers RF signals in any frequency range, following the same approach of the terrestrial
RoF (Radio over Fiber) technique and leading also to a mass and volume saving. Optical amplifiers,
such as Erbum-Doped Fibre Amplifiers (EDFA) and SOA, can be exploited to recover

interconnection optical losses.

Photonic mixing for RF signal up/down conversion

The RF signal frequency conversion, e.g. obtained by means of intensity LiNbO3 Mach-Zehnder
modulators used as electro-optical mixers, is the operation performed in the optical domain achieving
most advantage. Actually it ensures: 1) high isolation between the modulator port, to which the local
oscillator signal is applied, and the one to which the RF signal to be up/down converted is applied;
ii) large achievable electrical bandwidth (in the order of hundreds of GHz); iil) single-step frequency
conversion in high frequency ranges for which usually more than one mixing stages are needed in the
conventional electronic technology; iv) multiple and simultaneous frequency conversions exploiting
a WDM (Wavelength Division Multiplexing) approach. Considering for example the case of the down
conversion (but the same considerations are valid for the up conversion), this last technique makes
available at the same time a set of different mtermediate frequency fir signals coming from the same
mput RF frp signal by mixing them with different photonic local oscillators. Each local oscillator is
transported over a different optical channel belonging to the WDM wavelengths set. In the same way,
it is possible to down convert simultaneously a set of different RF signals, transported over different

WDM channels, by mixing them with a photonic local oscillator.

Fig. 2.1 shows the concept of a microwave/photonic based SATCOM payload, in which the basic

operations of the architectures described above are implemented.

21



Ny i

- o =E —W I

—_oJE B
OfE ! = |
ofE | E —| 1A |
O/E T

OPTICAL

SWITCHING

MATRIX o BE-{™ !
o ——= E-@;ﬂ |

| i

O/E T P :

Figure 2.1: Microwave/Photonic SATCOM payload concept

The photonic frequency generation section, containing the reference frequencies of all the local
oscillators, feeds simultaneously all the electro-optical modulators. The signals coming from the
receiving RF front-end (i.e. the signals that, after the Rx antennas, have been filtered and low-noise
amplified) are translated in the optical domain and frequency converted. After that, the optical
channels are separated by means of WDM demultiplexers and routed separately by the optical
switching matrix (e.g. according to the requested connectivity in a multi spot beam coverage
scenario). Finally, at the output ports of the optical switch, each optical channel is converted again in

the electrical domain before reaching the RF transmitting section.

2.4 Optical payload concepts for FSO-based SATCOM

As already introduced in the previous chapter, in parallel to the defmition of RF-based SATCOM
systems supported by photonic technology, the research effort of the institutions, with the support of
industries and academic entities, is aiming at the definition of satellite telecommunications systems
based on free-space optical links, namely FSO satellite communications. This is the emblematic case
of the HydRON (High-thRoughput Optical Network) Project, started in 2024 with the lead of ESA
and supported by the main European space players, aimed to to build a network of high-capacity
optical inter-satellite links and ground-satellite links that interconnect space assets each other and
with ground networks and that seamlessly extends the terrestrial optical transport networks into space,
according to a “fibre-in-the-sky” vision [49]. This kind of application leads to the identification of

additional optical payload architecures, since i this case not only the on-board signal elaboration in
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the optical domain (fully or partially) it is implemented (as shown in the above payload architecural
concept), but also the end-to-end connectivity with space and ground nodes. The underlying
technology i this case is still represented by the WDM technique, in which different signals are
assigned to different carriers, in order to exploit in a better way all the available bandwidth (e.g. in
the case of Dense WDM (DWDM) carriers are so near, 100-50 GHz of carrier spacing, to
accommodate a huge number of signals in the system. Several kinds of payload architecure can be

conceived, as explinded in following:

Fully transparent optical payload

WDM WDM Wavelenght WDM WDM
OHs Rx » LPOA ’ DEMUX » switching » MUX . HPOA » OH Tx
sections . . . . . section
section section section section section

Figure 2.2: Functional block diagram of'the fully transparent optical payload architecture

In this architectural configuration the signals processed and carried out remain in the optical domain
from the mnput sections to the output sections of the payload. This implies that no electrical data
regeneration is performed on-board (only optical amplification of the Rx WDM channels ie. 1R
signal regeneration) and the optical payload only performs in-space light paths set up and WDM

channels routing. The main payload elements are:

e WDM transparent bidirectional (Tx and Rx) Optical Heads (OHs);

e Input/Output optical amplifier sections;

e Low Power Optical Amplifier (LPOA) section (i.e. the low noise pre-ampli- fier);
e High Power Optical Amplifier (HPOA) section (i.e. the booster amplifier);

e WDM channels DEMUX and MUX sections;

e Reconfigurable optical switching matrix (OXC or OADAM);

e Optical harness and fibres to interconnect payload subsystems.

In this case no on-board laser sources and receivers are foreseen to be hosted on the payload because
the routed signals are only those received from incoming FSO links and forwarded towards out

coming FSO links after being processed (essentially amplified and routed).
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Transparent optical payload with OEO (Opftical-Electrial-Optical) regeneration

SIGNAL REGENERATION

WDM WDM Wavelenght WDM WDM

OHs Rx OEO . OH Tx
sections ’ LP(?A ’ DEN!UX . section ‘ swutc!ung » Ml.!X . HPQA ’ section
section section section section section

Figure 2.3: Functional block diagram of the transparent optical payload with OEQO regeneration

This configuration is the same of the previous analysed, but an additional section of signal OEO
regeneration (2R/3R) is considered in order to overcome the issue of the excessive degradation of the
OSNR in a multi-hop link propagation and the consequent BER degradation experienced end-to-end.
Typically an OEO signal 2R/3R regeneration foresees the exploitation of a non-linear element (e.g. a
decision flip-flop) providing 2R regeneration (i.e. pulse re-shaping) with the addition of the clock

recovery provideing 3R regeneration.

Optical payload with signal processing in the electrical domain

ELECTRICAL REGENERATION AND SWITCHING

Rx Data Tx Data Tx

Rx - . - -
OHs Rx DM WOR? a Electronics Electrical Electronics Optoelectronics D PO OH Tx
a LPOA DEMUX Optoelectronics A o MuUx HPOA 5
sections a = - Deserializer switching - FEC Encoder - Lasers 4 a section
section section (O/E) section section

- FEC Decoder - Serializer - Modulators

Figure 2.4: Functional block diagram ofthe optical payload with signal processing in the electrical domain

In this last configuration the implementation of the optical/photonic technology is limited only for
the optical links: once the WDM channels have been demultiplexed, they are converted in the
electrical domain in which they are processed (and so regenerated) and routed before being

transmitted again optically.

2.5 Considerations on proposed payload concepts

In the two previous sections several concetpts of photonic-optical payload have been ntroduced, by
describing their funcional architecture and the high-level operations performed on signals. It is clear
that the main difference is in the field of applicability of optical and photonic technologies and
techniques. In fact the first concept (hybrid microwave/photonic payload) proposes a typical
telecommunication RF payload architecture in which photonic devices are exploited mnstead of their
electronic/microwave counterparts: no architectural changes are foreseen neither before/after the
payload Rx/Tx RF front-end (i.e. communication carriers are in the RF spectrum), nor in the termials
on grund (on the feederlink and userlink sides). Instead the last three ones (optical payloads) rely on
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a FSO communication concept, so that also payload Rx and Tx sections implement photonic means
(ie. communication carriers are in the optical wavelenght spectrum) as much as terminals on ground.
Nevertheless the underlying technology is in common (laser sources and detectors, optical photonic
modulators, optical isolators and filters, mux/demux elements, optical amplifiers, optical swithing
matrices, optical fibres and connectors) even if implemented in different subsystems: for example
photonic frequency convertes and beamformers are limited to the microwave/photonic payload,
optical front-end (mainly OLPA/OLNA) only in the optical payload, optical swithing matrix

potentially in common (depending on the chosen architecture).

Finally it is worth to note that the distinction in the different payload architectures as presented above
is actually introduced to ease the disertation and system taxonomy. Anyway at mission level a mixed
system is conceivable, considerig for instance a payload providing a multibeam RF coverage on the

user side and a FSO link on the feeder side.

Moving from this context, the following chapters will focus on some of the subsystems included in
the discussed payload architectures: for each of them, after a short technological state-of-the-art

overview, a system simulation and performance evaluation will be provided.
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3.Hybrid microwave/photonic multi-frequency
up-down converter

Frequency up/down conversion is the first operation implemented on a SATCOM payload to be
considered, in this thesis work, for implementation in the optical domain. In particular this chapter
[50-51] will investigate a configuration of a microwave-photonic mixing stage used as down
converter (but this in not limiting due to the fact that architecture is the same in case on up-conversion)
based on a dual-port Mach-Zehnder Modulator (MZM) and a WDM configuration provided by two
photonic local oscillators, attwo different wavelenghts, used to demonstrate the simultaneous down-

conversion of a given RF mput signal into two lower frequency signals.

3.1 Technological state-of-the-art overview

In a SATCOM system tipically uplink signal frequencies are higher with respect to the downlink ones

for two main reasons:

e Link performances are driven by Tx antenna’s EIRP and Rx antenna’s G/T. Since on-board
resourcess in terms of volume, mass and power consumption are more constrained with
respect to ground, an higher uplink frequency allows to achieve an acceptable gain for the on-
board Rx antenna without requiring the respective increase of its dimension (wehile this is not
a problem for antennas on ground, whose design is less constrained).

e Irrespective to on-board and on-ground antennas design, Free Space Path Loss (FSPL) is
frequency dependant and it is more impacting for higher frequency signals with respect to
lower ones. It follows that higher frequencies are assigned to the uplink since transimming
power from ground is less constrained with respect that available to the satellite, where as

already said on-board resources are tipically more limited.

As a consequence, frequency conversion represents a common operation perfomed on every
SATCOM payload: if it acts only as a simple repeater, only the down-conversion of the received
carriers is performed before retransimming them in downlink; if it has some kind of on-board
processing capabilities (e.g. carrier demodulation/modulation, baseband signal manipultion,
decoding/encoding, ...) also up-conversion is required (e.g. from baseband) before downlink
transmission. In any case these kind of operations are usually perfomed by electronic mixing stages.
On the other hand the photonic implementation of this operation on RF signals brings some notably
advantages [52]:
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e No leakage of signals between the modulator ports (local oscillator port and RF signal port)
ensured by their high isolation;

e Capability to process wide band signals (in the range of hundreads) of GHz and to perform
single-step frequency conversions when typical electronic recnologies requre more than one
mixing stage;

e General improoved performances due to low loss and immunity to electromagnetic
mterfererence (EMI).

e Possibility to obtain the simultaneous frequency conversion of a given signal into more than

one translated signal by using the same mixing stage if WDM optical signals are implemented.

Several approaches and architectures have been identified to perform photonic-based microwave
mixing for frequency conversion [53]. Since frequency conversion is due to a nonlinear process, it
can be obtained exploiting two kinds of nonlinearities. ie. all-optical and optoelectronic

nonlinearities, as summarized in Figure 3.1.

Photonic-based
microwave mixing
approaches

All optical nonlinearities Optoelectronic nonlinearities

i) XGM i) XAM Directly modulated LD External modulator i) Square-law detection of PD
ii) XPM i) Responsivity modulation of PD

i) FWM i) Nonlinear L-I i) Nonlinear electro- iii) C-V or I-V nonlinearity in PD
iv) XPolM characteristic; optic effect

ii) Frequency
modulation effect

Figure 3.1: Photonic-based microwave mixing techniques [53] (SOA: Semiconductor Optical Amplifier; EAM: Electro Absorption
Modulation;, HNLF: Highly NonLinear Fibre; XGM: Cross-Gain Modulation; XPM: Cross-Phase Modulation; FWM: Four Wave
Mixing; XPolM: Cross-Polarization Modulation; XAM: Cross-absorption modulation; NPR: Nonlinear Polarization Rotation, LD:
Laser Diode; PD: photo-diode).

For what concerns all-optical nonlinearities, basically semiconductor optical devices and nonlinear
optical fibers can be considered. In semiconductor optical amplifiers (SOAs), nonlinear effects such
as cross-gain modulation (XGM), cross-phase modulation (XPM), four-wave mixing (FWM) and
cross-polarization modulation (XPoIM) are exploited to achieve RF frequency mixing. Cross-
absorption modulation (XAM) is exploited in case of electro-absorption modulators (EAMs). For
what concerns optical fibres, the third-order nonlinear effects such as XPM, nonlinear polarization

rotation (NPR)and FWM are used especially in highly nonlinear fibers (HNLFs) to achieve frequency
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mixing. For what concerns optoelectronic nonlinearities, since EO and OE conversions exhibit
nonlinear behavior, microwave frequency mixing is achieved in case of EO conversion by i) directly
modulated laser diodes (LDs) or i) external modulators. The directly modulated LDs exploit the
nonlinear light-current characteristic or the frequency modulation effect due to carrier density
variation. In this case, FM-AM conversion is required and it is performed by an unbalanced MZI
between the LD and the photo-diode (PD). In the case of external modulator usage, the nonlinear
electro-optic effects are exploited. For what concerns OE conversion, the exploited mechanisms are:
1) square-law detection of a PD fed by the optical RF signal and by the optical LO signal on the same
optical carrier, i) responsivity modulation of a PD fed by the optical RF signal and by the op-tical
LO signal on two different optical carriers, i) capacitance-voltage (C-V) or current-voltage (I-V)
nonlinearity in a PD fed by the intensity-modulated optical RF signal and by coupling the electrical
LO signal to the same PD.

In [54] further configurations for frequency conversion are described, foreseeing the usage of one or

more optoelectronic mixers implemented by external modulators.

Then, starting from these architectures, other schemas have been furtherly identified to perform
microwave-photonic frequency conversion: in [55] a mixer configuration based on an optical hybrid
for down-conversion is described, where the selection of a given photodetection method (direct
detection, balanced detection, double detection) allows to implement different mixing architectures,
1e. a single-ended photonic microwave mixer, balanced mixer, I/Q mixer or image-reject mixer
(IRM). Authors in [56] present an ultra-wideband tunable frequency converter scheme for microwave
and millimeter-wave signal generation based on optical recirculating loop and microwave-photonics
technique (including dual parallel Mach-Zehnder modulator, optical filter and wideband photodiode),
while those of [57] show a multi-band microwave signal down-conversion scheme based on optical
frequency comb (OFC). In [58] the autors describe and experimentally implement a microwave
photonic frequency conversion system based on a dual-loop optoelectronic oscillator (OEO): the
dual-loop OEO generates the local oscillation (LO) signal and the up/down conversion states can be
chosen by changing the bias voltages of the dual polarization dual-drive Mach-Zehnder modulator
(DPDDMZM). In [59] the realization of a monolithically integrated InP photonic downconverter,
based on dual parallel Mach-Zehnder modulators is achieved while in [60] the authors demonstrate
the experimental implementation on the same silicon chip of two photonic mixer stages: the first
based on a single dual-drive MZM and a single PD, the second one based on a dual parallel single -
drive MZMs and balanced detection. Furthermore, additional architectures based on dual-drive

Mach-Zehnder Modulator (DDMZM), polarization-division multi-plexing Mach-Zehnder Modulator
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(PDM-MZM), cascaded phase modulation and optical filtering, dual-parallel Mach-Zehnder
Modulator (DPMZM) and optoelectronic oscillator are provided in [61-65], while a reconfigurable
microwave photonic mixing architecture based on a dual-polarization MZM and a polarizer is

achieved in [66].

It is interesting also to analyze some notably literature results in which the presented techniques are
applied to satellite communications: the implementation of a breadboard demonstrator proof-of-
concept containing a microwave-photonic frequency generation unit (FGU) and a frequency
conversion unit (FCU), based respectively on a X-band dual-loop optoelectronic oscillator and on an
electro-optical Mach-Zehnder modulator (EOM), optical amplifier (OA) and optical-to-electrical
conversion (OE), is shown in [67]. In [68] the authors demonstate a satellite repeater with improved
flexibility by the implementation of a frequency-conversion system capable to convert the input RF
frequency to four different ones by adjusting modulators’ electrical parameters (DP-MZMs) and
needing only one frequency-fixed microwave source. In the same way authors in [69] propose a
flexible frequency conversion method based on optical frequency comb (OFC) for satellite repeater
applications, in which a dual-driven Mach-Zehnder Modulator (DMZM) is driven by the received RF
signal to perform SSB modulation and two dual-parallel MZMs (DP- MZMs) are used to generate
two coherent OFCs. Another scheme for a microwave photonic repeater system is achieved in [70]
where simultaneous multi-band frequency conversion with only one frequency-fixed microwave
source are obtained. The scheme employs one 20 GHz bandwidth dual-drive Mach-Zehnder
modulator (MZM) and two 10 GHz bandwidth MZMs and prevents generating interference sidebands
by using two optical filters after optical modulation. A multiple broadband simultaneous radio
frequency (RF) down-conversion switching schema, in different bands and different intermediate
frequency (IF) channels, for satellite communication is obtained in [71], while authors in [72]
demonstrate a satellite on-board processing method implementing photon frequency conversion.
Finally a tunable microwave-photonic frequency converter with integrated photonic filters for
unwanted optical carriers and sidebands suppression is described in [73], while authors in [74]
propose a coherent photonic-aided payload receiver capable to up-convert signals coming from the
receiving feeds into optical signals, separate all the beams via beamforming and finally down-convert

them back into radio frequency signals to be retransmitted towards ground.

3.2 Proposed architecture and principle of operation

Figure 3.2 shows the conceptual representation of the architecture of the proposed hybrid

microwave/photonic WDM multiple local oscillators RF frequency down converter.
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Figure 3.2: WDM multiple-LOs RF down converter

Single-tone signals at frequencies fio; and fi o, are applied, respectively, to the electro-optical
modulators EOM1 and EOM2 to modulate the continuous laser sources with optical fields Ecw; and
Ecwz. The values of the optical fields at the output of EOM1 and EOM2 are given by [75]:

nVcos(2m t+ Vp;
L01 = Egomi = cos |= ( fLOl blas) Ecpe
2 Ve
nVcos(2m t+ V,;
LO2 = EE0M2 = cos lE ( ngZ blas)l ECW2
T

where Vr indicates the modulators switching voltage and Vyi, indicates the modulator biasing
voltage. Once multiplexed, the two optical local oscillator signals LO1 and LO2 feed the input of the
EOM to which the RF single tone signal frris applied to be down-converted. The optical field at the
output of this stage is given by:

nVecos2rtfrrt + Vyias)

Eror = cos|3 (Egom + Eromz)
2 7

By applying Werner formulas, the above relation canbe rewritten as:

1 wi= 14
Eror =3 ;EE{COS [:—V (cos(2mfrrt + Vpias) — cos2mfroit + Vpias) )] +
14
cos [:7 (cos(2mfrrt + Vpias) + c0s2ufioit + Vhias) )]} Ecwi

where the sum over the i-index is extended to all the photonic local oscillators composing the
multiplexed signal (in this simple case LO1 and LO2). By expressing all the above cosines as complex
exponentials and expanding them according to Jacobi-Anger identities, it can be shown that the
optical spectra of the two photonic optical oscillators are mixed with the RF signal, as represented in

Figure 3.3.
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Figure 3.3: Optical spectra of two LOs mixed with the RF signal.

As shown, the obtained optical spectra contain the lines corresponding to the two optical carriers and
the lines corresponding to the sum and difference frequencies between each optical carrier and the

RF and LOs signals.

After wavelength separation, by means of the WDM DEMUX, each optical signal is sent to one
photodetector where the AC term of the photocurrent is expressed by [55]:

iac < —J1(B1)]o(B) sin ¢y cos(wrrt) + J(Br) cosRugrt) + J1 (B2)]o(B1) sin ¢g cos(wpot) +
J£(B2) coswyot) + J1(B1)]1(B2) cos g cos((wrr — wro)t) + J1(Bi)]1 (B2) cospg cos((wrr +

wro)t) + -+
where J, are the nt"-order Bessel functions of the first type, ¢y is the phase difference between the two
arms due to the bias, and ; and B, are the modulation indexes associated to the signals RF and LO,

respectively.

As can be seen this current contains contributions related to the harmonics of the local oscillator and
the RF signal and their sum and difference frequencies: an adequate electrical filtering allows to select

the IF one.

3.3 System simulation and performance evaluation

The RF frequency down converter described in the prevous secion has been simulated exploiting the

commercial OPTISYSTEM simulation tool.

The implemented schematic is based on two electronic local oscillator f;o; and fio, at different
frequencies, respectively 10.1 GHz and 14.1 GHz. They are used to externally modulate the optical
signal from two continuous wave lasers at different wavelenght, A; at 1553 nm (193.1 THz) and A, at
1551 nm (193.3 THz) respectively, with an output optical power of 30 mW. These two resulting
photonic local oscillators LO1 and LO2 are multiplexed by the WDM 2x1 MUX and finally used to
feed a dual port MZM biased at quadrature point. This modulator is driven by the RF signal to be
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down converted. Finally the two optical channels are separated by the WDM 1x2 DEMUX and each
of them is detected by a pin photodiode and the resulting electrical signal is filtered.

In order to demonstrate the effective operation of the photonic WDM down-converter, we have down
converted a BPSK signal. Indeed BPSK is representative of the constant envelope modulation
schemas which are the most utilized i satellite communications since they minimize the effect of

nonlinear amplification in High Power Amplifiers (HPAs).

Figure 3.4 shows the BPSK transmitting section to be connected to the RF input port of the EOM.
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Pseudo-Random Bit Sequence Generator
Bit rate = 1 Gbit's '

Figure 3.4: Transmitting section for the BPSK demonstration

It is composed by a pseudo-random bit sequence generator at 1 Gbps driving a NRZ pulse generator.
In turn, the obtained modulating signal drives an electrical phase modulator providing a sinusoidal
carrier at 18.3 GHz, whose phase changes of 180° are related to the input signal amplitude (i.e. NRZ
pulses). The obtained BPSK modulated waveform represents the RF signal to be down-converted by
the dual-port Mach-Zehnder modulator, fed by the two photonic local oscillators LO1 and LO2.

Instead the BPSK receiving section is connected to the output corresponding to the local oscillator

LO2 at 1551 nm (193.3 THz) of the photonic frequency converter and it is shown in Figure 3.5.

32



. =

| B
ALY

1R Regenerdtor Electrical Eye Viewsr_1

_I%)Pf,l 1 - \ 1.Fr —_
M

Electrical Phase Demodulstor
Freguency = 4.2 GHz
Cutoff freguency =2 GHz

LI

. Crual Port Oscilloscops Visuslzer

Figure 3.5: Receiving section for the BPSK demonstration

After photodetection and band-pass filtering, the frequency down-converted signal has a spectrum
centred at the IF frequency of 4.2 GHz (considering the local oscillator LO2 which corresponds to
the frequency fi o, equals to 14.1 GHz), as shown in Figure 3.6. This received electrical signal is
processed by the BPSK demodulator and the output base-band signal sent to a 3R regenerator for re-

timing and re-shaping of the received pulses, as in Figure 3.5.
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Figure 3.6: Electrical spectrum of the down converted binary BPSK signal.

Finally Figure 3.7 shows the transmitted (blue line) and received (red line) baseband NRZ signals,

representing the transmitted and received sequences of bits.
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Figure 3.7: Received (red line) and transmitted (blue line) NRZ pulses.

As canbe noticed, a good match between them has been obtained. The estimated min BER (defined
as the minimum value for the bit error rate evaluated in the eye time window) value is 10~ by
considering that in the analyzed system forward error correction (FEC) techniques have not been
applied. By exploting WDM the proposed down-conversion scheme improves frequency conversion
scalability by addition of further wavelenghts. Another improvement in the performance of the
proposed scheme can be achieved by adding an optical amplifier (AO) to compensate the mixer

conversion losses.
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4.0ptical Butler Matrix for beamforming in
hybrid microwave/photonic SATCOM payload

Antenna beamforming is the second operation implemented on a SATCOM payload to be considered,
in this thesis work, for implementation in the optical domain. In particular this chapter [76] will
investigate two configuration of symmetric 4x4 and 8x8 optical Butler matrices, both operating at
1.55 pm and based on hybrid couplers and phase shifters. These building blocks have been
implemented, for simulation purpose, in Silicon on Insulator (SOI) technology; Beam Propagation

Method (BPM) has been exploite for design demonstration and performances evaluation.

4.1 Technological state-of-the-art overview

Beamforming is a key technology utilized in satellite communication systems to enhance the
efficiency of transmissions and receptions. This technology is designed to selectively focus radio
frequency (RF) energy in a specific direction, thereby increasing signal power in that direction and
reducing interference from other directions. Beamforming can be implemented in both the
transmission and reception domains, and is particularly useful for optimizing coverage and

transmission capacity in specific areas. Its main advantages are:

e Increasedspectral efficiency: beamforming allows satellites to focus their signals on specific
areas, reducing interference and improving spectral efficiency. This targeted approach enables
the use of available frequency spectrum more effectively.

¢ Enhanced coverage precision: satellites employing beamforming can precisely shape and
direct their coverage areas. This enables operators to tailor their services to specific regions,
optimizing connectivity and resource allocation.

e Improved signal quality: by concentrating energy in desired directions and minimizing
mterference, beamforming enhances signal quality. This results in a more reliable and
consistent communication experience for users on the ground.

e Flexibility in network management: dynamic beamforming enables satellites to adapt to
changing network conditions, allowing for real-time adjustments to optimize performance.
This flexibility is crucial for managing varying user demands and environmental factors.

e Mitigation of interference: beamforming technology helps mitigate the effects of
mterference from other satellites or terrestrial sources. This interference reduction contributes

to a cleaner and more robust communication environment.
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e Optimized resource utilization: satellites equipped with beamforming capabilities can focus
their transmission resources where they are needed most. This results in efficient resource
utilization, reducing wastage and maximizing the overall capacity of the satellite.

e Point-to-point connectivity: beamforming facilitates point-to-point connectivity, enabling
satellites to establish strong and direct communication links with specific ground stations or
user terminals. This is particularly valuable for applications requiring dedicated and reliable
connections.

e Adaptive to user movements: some beamforming systems can dynamically track the
movement of users or objects on Earth. This adaptability ensures that the satellite maintains a
continuous and stable connection, even when users are on the move.

o Cost-effective targeting: by concentrating resources in specific areas, satellites can provide
targeted services without the need for excessive power or bandwidth. This targeted approach
can lead to cost savings in terms of satellite design, operation, and maintenance.

e Support for Various Applications : beamforming enables satellites to support a diverse range
of applications, from broad-scale broadcast transmissions to specialized services requiring
high data rates and low latency. This versatility makes satellites equipped with beamforming

suitable for a wide array of communication needs.
On the other hand the main limitations are linked to:

e Technical complexity: implementing beamforming requires sophisticated hardware and
software, increasing the overall complexity of the system.
e High costs: advanced antenna arrays and control electronics can incur high design,

development, and implementation costs.

In this sense photonic beamforming (PBF), by exploiting photonic components to manipulate and
control radiofrequency (RF) signals, represents a possible approach to overcome the main limitations
of traditional electronic beamforming, especially in applications such as radar systems, wireless
communication and obviously satellite communication. PBF allows to change indirectly a radio
frequency on an optical carrier and to directly manipulate a light signal for satellite communications,
radar, 5G communications, visible light communications, optical communications, lidar and so on
[77-80]. Moreover, respect to their electricallRF counterparts, PBF allows to achieve much higher
available bandwidth and significantly reduced weight, size and power consumption. The authors in
[81] describe the benefits of microwave photonic beamforming applied to broadband Active Phased
Antenna Array (APAA): low and frequency-undependant propagation losses, stability and
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predictability of the signal phase, electrical isolation. In [82] it has been demonstrated an integrated
optical beamforming network capable to control the reception angle of 36 independent beams in Ku-
band by employing a phased array receive antenna with 144 antenna elements and a comparison with
an equivalent RF-BFN in terms of size, footprint, mass, vibration sensitivity, tunability, RF-crosstalk

and cost is done.

Generaly speacking, the main beamforming technology is based on antenna array systems, constituted
essentuially by the radiating antenna elements and the beamforming network (BFN). Is such a system
each antenna element is fed by a signal with specific magnitude and phase, so that the required

radiation pattern is determined by the progressive phase delay across the array elements.

There are mainly three approaches to beamforming [83], as summarized and explained in Figure 4.1.

Beamforming techniques

Analogue beamforming Digital beamforming Hybrid beamforming

Amplitude and phase variations are applied

to the analogue signal at the end of the Fomg G Ce | pliEsS VEMEIETE EE

. X imposed to the digital signal before Digital- The different phases in the analogue
transmitter by means of phase shifters and . R z .
A 4 to-Analogue Conversion (DAC) so that domain are combined with the base band
signals from different antenna elements are . X
signals for each antenna element are beam formation.

summed before Analogue-to-Digital

Conversion (ADC) at the end of the receiver foiestpibaEakant

Figure4.1: Beamfoming techniques overview [83]

In digital beamforming the main limitation is due to the high mass and power requirements of the
digital beamformer processor which increase proportionally to the increase of the number of feed
elements and bandwidth per feed [82]; In addition in case of wide-band systems with a huge number
of antenna elements, digital beamforming leads to high power consumption due to the large number
of DACs and ADCs, not required in the analogue solution [84]. For this resons often analogue
beamforming canbe a suitable solution, especially for space applicatons (due to the mass and power
requirements): in this case the feeding network of such as analogue beamforming architecture is

required to low cost, lossless, simple circuit-bas edand with a minimum number of components.

In general, feeding network architectures are divided into three main categories, according to the

feeding method: the series-feed, parallel-feed, and matrix feeding [85-86]. The most widely known
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beamforming matrices are the Butler [87], Blass [88] and Nolen [89] matrices. The matrices above
can be compared by taking in account some figures of merit such as required hardware components,
operative degree of freedom, efficiency, power loss and ease of design [90]. Instead in [91] a review
of their main design features and the comparison of the achieved performance results are provided,
in addition to the identification of the main advantages and drawbacks related to several particular
configurations retrieved in literature. A summary of the main features characterizing Butler, Blass and

Nolen matrices are provided in Table 4.1.

Table 4.1: Comparion between Butler, Blass and Nolen matrices.

BUTLER MATRIX BLASS MATRIX NOLEN MATRIX
e The Butler matrix e The Blass matrix exploits e The Nolen matrix
exploits a parallel the series feed method. exploits the series feed
multiple beam feed e The Blass matrix can be method.
method. designed with an unequal e The Nolen matrix can be
e The Butler matrix is number of inputs and designed with an unequal
designed with a outputs (M x N). number of inputs and
symmetrical structure, e More flexibility since outputs (M x N).
i.e. an equal number of there are no constraints to e More flexibility since
nput (beam) and output have an equal number of there are no constraints to
(antenna) ports (N x N). input/output ports. have an equal number of
e Lower flexibility since it e The Blas matrix is input/output ports.
is constrained to have an composed by couplers, e The Nolen matrix is
equal number of ports for phase shifters and load designed by cutting the
input and output, being terminations, while it Blass matrix along the
this number a power of 2. does not require any diagonal line and it
e The Butler matrix is CrOSSOVer. requires only couplers
composed by hybrid and phase shifters.

e Increased architectural )
couplers, crossovers and e Increased architectural

phase shifters. comp 1ex1ty' and lower complexity and lower
.. ease of design. .
e The Butler matrix is ) ease of design.
. e Higher power loss and .
preferred due to its low . ; e Higher power loss and
. . lower efficiency with - )
architectural complexity . lower efficiency with
; : respect to Butler matrix. .
and its ease of design. : respect to Butler matrix.
: e Higher number of .
e Best performance in s . e Higher number of
utilized components with > .
terms of power loss and . utilized components with
- respect to Butler matrix. :
efficiency. respect to Butler matrix.
e Reduced number of
utilized components.

Focusing on the Butler matrix, it has widely considered in literature and exploted in a variety of
applications. Considering its simmetrical architecture, it has been proposed in different
configurations, 1.e. 4x4, 8x8 and 16x16 [92-94]. In addition, also some unsymmetrical configurations
have been proposed, such as 2x4 [95], 3x4 [96-97] and 4x8 [98-99]. Other demonstrated features are
dual-band [100], compact size [101], broadband [102], low loss [103], sidelobe control [104],
flexibility [105] and beam steering [106-107]. Some papers have also reported Butler matrices
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configurations with both an equal and an unequal number of inputs and outputs and implementing
Low Sidelobe Level (SLL) distributions [108-109].

All the above cited works mainly consider the implementation of the Butler matrix in the electrical
domain. Only few works focusing on optical Butler matrix networks have been issued in the past,
mainly demonstrating the achieved improvements in terms of smaller size and wider bandwidth

compared with the electrical ones [110-112].

Finally a simple photonic-assisted Butler matrix network using low-cost intensity-modulation direct-
detection (IMDD) has been demonstrated in [113], in which the passive phase control is for RF signal

transmitted on the optical carrier, instead of the phase of the optical carrier itself.

4.2 Butler matrix proposed architectures and operations

The architecture of a Butler matrix in composed by the following building-blocks:

e 3 dB couplers with shift of 90°: they ensure that antenna system elements are fed with equal
values of power.

e Crossovers: they impement transmission lines overlaps by ensuring signal purity.

e Phase shifters: they provide the necessary phase shift needed for beam formation in the

desired direction.

The 3dB couplers are positioned in cascade and connected to each other by fixed-value phase shifters

implemented by means of transmission lines with different lengths.

When a square architecture Butler matrix is considered (i.e. symmetrical structure), the number of
mput ports is equal to the number of output ports: this number of ports is given by N = 2" where n is

the number of devices placed in cascade in the square matrix. It follows that the Butler matrix is
composed by glogzN couplers and g log,(N — 1) phase shifters (less than the number of couplers

and phase shifters required by the other beamforming matrices).

The simplest multibeam device is based on a single hybrid coupler. As the order of the Butler matrix
increases, its architecture becomes more complex due to the fact that successive levels of directional
couplers and phase shifters need to be included between the two primary levels, i.e. the more external

ones.

39



4x4 Butler matrix

The first architecute considered in this work is the 4x4 Butler matrix, composed by one crossover,
four hybrid couplers and two 45° phase shifters. In Figure 4.2 the schematic of the 4x4 Butler matrix
is reported: it is constituted by a cascade of hybrid couplers 2x2 connected to each other by delay
lines equal to A/(2N) = /8, being N the number of ports, which corresponds to a phase shift of n/4

=45°.

The 4x4 Butler matrix operates according to the selection rules provided in Table 4.2, showing the
mitial phase shifts to be provided to the inputs Al, A2, A3, A4 to select the desired output among T1,
T2, T3, T4 (for example if A1=135°, A2=0°, A3=225°, A4=90°, the selected output port is T1).

A3

T1

X

Al

A4 —
A2

D&

45°

X

T3

T2

Figure 4.2: Block diagram ofa 4 x 4 Butler matrix

Table 4.2: Phase shift relationships for a 4 x 4 Butler matrix

T4

Al A2 A3 A4
T1 135 0 225 90
T2 180 135 90 45
T3 45 90 135 180
T4 90 225 0 135
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8x8 Butler matrix

The second architecure considered in this work is the 8x8 Butler matrix, composed by 10 crossovers,
12 hybrid couplers and 8 overall phase shifters, 2 of which provide a phase shift of 67.5°, other 2
provide a phase shift of 22.5° and the last 4 provide a phase shift 45°. In Figure 4.3 the schematic of

the 8x8 Butler matrix is also reported.
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Figure 4.3: Block diagram of a 8 x 8 Butler matrix
As in the previous case, Table 4.3 shows the phase relationship distribution of the 8x8 Butler matrix.

Table 4.3: Phase shift relationships for a 8 x 8 Butler matrix

Beam Ports
Ant.
Ports | 1L 4R 3L 2R 2L 3R 4L IR
Al 90 180 | 1575 | -112.5 | 135 135 1575 | -112.5
A2 112.5 22.5 -90 -180 1575 | 1125 45 135
A3 135 -135 22.5 1125 | -90 0 112.5 -157.5
Ad 157.5 67.5 135 45 22.5 1125 | -90 -180
AS -180 -90 1125|225 |45 135 67.5 157.5
A6 1575 | 1125 |0 290 1125|225 135 135
AT -135 45 1125 | -157.5 | -180 -90 22.5 112.5
A8 1125|1575 | -135 135 1125 | 1575 | -180 90
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4.3 Design simulation and performance evaluation

For each of the previous introduced Butler matrices architectures the the desing features and the
performance simulation results are provided. The analysis has been performed by means of the

BeamPROP-RSoft, based on the Beam Propagation Method (BPM).

4x4 Butler matrix

The integrated optical 4x4 Butler Matrix has been designed by considering the Silicon on Insulator
(SOI) technology at the operation wavelength of 1.55 pm. The silicon ridge waveguide is
characterized by a refractive index equal to ng; = 3.48, width of 0.5 pm and height of 0.22 pm. The
SiO, substrate has a refractive index nsjo = 1.45. The single mode TE,of the waveguide at the

operating wavelength has a refractive effective index equal to neg = 2.318.

The implementation of the 4x4 integrated optical Butler matrix in the computation domain is
represented in Figure 4.4. It is composed by four 2x2 hybrid couplers connected with delay lines
corresponding to a phase shift of 45°, with length respectively L; =72 ym and L, = 79.6 um.
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Figure 4.4: implementation of the 4x4 integrated optical Butler matrix

The required phase shift of Ap = ko A AL can be obtained:
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1) by varying the length of the two optical paths of the delay lines L; and L, but considering
both the ridge waveguides with the same geometrical parameters (and therefore the same
refractive effective index neg or

i) by varying the geometry (for example the ridge width) of one of the two waveguides, i.e.

varying the refractive effective index n’cs

In the former case, considering the operation wavelength of 1.55 pum, the single mode refractive
effective index n.2.318 and the required Ap =n/4, a value of the optical path difference AL= L, -
L; =0.0838 um has to be obtained.

In the latter case, assuming L; = 72 um and L, =79.6 um, the required phase shift A¢ = /4 can be
obtained by assuming the width of the second waveguide equal to 0.4336 um, for which the new
refractive effective index n’e has been obtained by means of the equation A = ko (0’ Ly-ner Ly)

and it results equal to 2.097.

Table 4.4 reports the output power at each of the output ports, in the four configurations, as a
percentage of the total mput power, where 100% indicates the in-phase sum of four signals. The
outputs showed in the table has been obtained by feeding the input ports with signals with appropriate
mitial phases as defined in Table 4.2. The non-ideality of the obtained results is mainly due to the

crosstalk at the crossing point between the two L, waveguides.

Table 4.4: Power at output ports for each beam configuration as a percentage of the total input power
Outl Out2 Out3 Out4
T2 0.46 94.9 0.13 5 4x10°
T3 5.3x10° 0.13 94.91 0.46
-4 -2
T4 3x10 5.0x10 0.24 95.22

For each T1, T2, T3, T4 configuration, most of the signal (around 95% of the overall input signal)
propagates through the related output port Outl, Out2, Out3, Out4. The other outputs, which ideally
should have zero power, exhibit a minimum of power, which means having a phase error on the other

wave fronts. The device has a surface area of 34x558 pm?2.
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8x8 Butler matrix

As in the previous case, a similar study has been performed on the integrated optical 8x8 Butler

matrix, whose implementation is shown in Figure 4.5.
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Figure4.5: Implementation of the 8x8 integrated optical Butler matrix

Similarly to the considerations done for the previous case,a ridge waveguide caracterized by a width
of 0.4315 um, associated to a phase shift of 22.5°, has been considered; in the same way a width of
0.4348 pm has been considered for a phase shift of 67.5°. This is obtained considering that from the
equation AQ =Ko (n’eglo-nes Ly) the values of n’eg = 2.087 for 22.5° while n’.g =2.102 for 67.5° are
estimated. If the other approach is followed, according to the equation AL = Ag/(kon.g, for 22.5°
the AL must be equal to 0.0419 pum, while for 67.5° a AL of 0.1257 um is required.

A point of attention is represented by the various crossings of the waveguides: in fact when the second
cascade of couplers is inserted, they must be designed in order to maximize the transmitted power
and minimizie the crosstalk. It has been observed that the best crossing angle between two
waveguides in S-Bend mode is equal to 45°. In fact a lower angle creates crosstalk, even for 22.5°
the signal is completely coupled in the other waveguide. Instead, by increasing the angle of inclination
of a single waveguide, the signal is lost as it tends to propagate in a straight line, with a limit case for
70°, where the signal couples out from the guide.

Finally the integrated optical 8x8 Butler matrix has been simulated by considering 8 signals of equal
amplitude (normalized to 1) and phase shift relationships according to Table 4.3: for example, if the
output A1 has to be activated, the appropriate phase shifts in the first row must to be applied to the

related inputs of the matrix in Figure 4.3. The obtained results are reported in Table 4.4, containing
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the achieved values of power of the 8 outputs, expressed as a percentage of the total mput power,

when the phase shift values of the input signals follow the configurations indicated in Table 4.3.

Table 4.5: Power of the eight outputs expressed as a percentage of the total input power

Al A2 A3 A4 AS A6 A7 A8
1L 80.55 0.74 0.06 0.36 0.29 0.45 0.02 0.38
4R 0.54 74.52 0.64 0.09 0.33 0.92 1.38 0.09
3L 0.04 0.68 76.2 0.23 0.12 0.6 1.3 0.41
2R 0.45 0.01 0.25 80.86 0.43 0.04 0.42 0.67
2L 1.6 0.65 0.99 1.37 73.37 1.12 1.11 1.92
3R 0.41 1.29 0.59 0.12 0.24 76.17 0.69 0.04
4L 0.09 1.36 0.92 0.33 0.09 0.63 74.65 0.54
1R 0.38 0.02 0.44 0.3 0.35 0.05 0.74 80.48

The output power values range between 70% and 80% of the overall input power, while an ideal
behaviour should show a percentage of signal equal to 100% at a single output for each configuration.
This is due to th fact that in reality the various crossing points make the other matrix outputs not null.
This translates into noise for the signal of that wavefront. The results obtained are very promising

considering also that the device occupies a square area of 123x965 pm?.
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5.0ptical circuit switching in WDM-based FSO
SATCOM systems

Unlike the two previous sections, the present one is focused on the second typology of payload
architecture introduced in the Chapter 2, i.e. the fully transparent optical payload. In particular this
chapter [114] provideds a system functionality demonstration and performance evaluation of a Space
OTN node exploiting an optical switching matrix to perform wavelength circuit switching of WDM

channels.

As already introduced, a first implementation of a satellite system based on FSO communication can
be found in the EDRS (European Data Relay System) constellation [17], while more recent studies,
which are being conducted by ESA [49], are following the ambition to implement a Space-based OTN
infrastructure capable to extend seamlessly into space the already existing high-capacity terrestrial
optical network and to complement it, providing also optical connectivity to space assets located at
different orbits. The future implementation of such system will bring new service and market

opportunities:

e convergence of space infrastructures towards terrestrial networks, improving the overall
network capacity and enlarging the capability towards new service and application (i.e. cloud
in the sky, routing on-board satellite, 5G, etc);

e reduction of the Worldwide Digital Divide, offering large coverage with a low infrastructure
implementation cost;

e reduction of the RF spectrum congestion;

e for the European sovereignty, reduction of the dependence from the fiber backbones providers
that could potentially limit the transcontinental communication with their access limitations

and costs.

The main components of a Space OTN architecure, as shown in Figure 5.1, are:
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Figure5.1: Space OTN architecture

e the space nodes, constituting the Space Segment (SS), with the capabilitics to set high
capacity optical links towards other nodes (both in space and on ground) and to perform on
board signals switching/routing;

e the ground nodes, constituting part of the Ground Segment (GS), composed by Optical
Ground Stations (OGSs) mnterconnected with the space nodes (via OFLs) and interconnected
between themselves (OGSs networks) to improve the link availability by means of site
diversity;

e the additional ground elements operating (management and control) both the space and the

ground nodes and interfacing the Space OTN with the Terrestrial one.

The necessity of the use of Wavelength Division Multiplexing (WDM) technologies, as already done
in terrestrial fiber networks, is justified by the fact that such system will rely on high capacity FSO
links (from hundreds of Gbps to Tbps of user data rate) and multi-hop connectivity (i.e. to route a
signal across different space/ground nodes). This translates into the necessity to manage
switching/routing capabilitiecs of optical signals on-board the satellite: in this sense the switching
matrix represents one of the key building blocks of the system. For the sake of clarity, in Figure 5.2

the functional architecture of the considered reference payload is reported.

S0Ts WDM WD Wavelength WwDM WDM 50Ts

R« |Ep| roa |Ep|Demux |Ep| switching [Ep| mux |Ep| weoa (Ep| T

section section section section section section section

Figure 5.2: Functional architecture of the all optical payload

47



The main payload elements are:

o Satellite Optical Terminals (SOTs) supporting bidirectional (TX/RX) WDM channels;

e Optical amplifier sections, in particular the Low Power Optical Amplifier (LPOA) section
performing the input low-noise pre-amplification of the RX signal and the High Power Optical
Amplifier (HPOA) section performing the output booster amplification of the TX signal;

¢ Demultiplexing (DEMUX) and Multiplexing (MUX) sections of RX and TX WDM optical
channels, respectively;

e Reconfigurable optical switching matrix (e.g. OXC or ROADM).

5.1 Technological state-of-the-art overview

There are many reasons for introducing optical switching i satellite payloads: the main important
drivers are scalability to large port counts, lower mass and volume (compared to RF switches),
transparency, RF isolation and suppression of EMI/EMC [115]. Several solutions and technologies
for all-optical switching have been studied and proposed already for terrestrial communication
networks, such as Opto-Mechanical Switches, Micro-Electro- Mechanical-Systems (MEMS)
Switches, Electro-Optic Switches, Thermo-Optic Switches, Liquid-Crystal Switches, Bubble
Switches, Acousto-Optic Switches, Magneto-Optic Switches, Semiconductor Optical Amplifiers
(SOAs) Switches [116-119]. They show different performances with in terms of some important
features such as switching time, insertion loss, crosstalk, extinction ratio, polarization dependent loss,
reliability, power consumption, scalability, temperature resistance. But while in case of terrestrial
applications most of all the above mentioned technologies translate into commercial off-the-shelf
devices, this is no longer true when space applications are considered, since in this case they must to
be designed developed, tested and finally qualified to perform in harsh environment. Only few
activities have been developed in this sense: an ESA study [120] in which, starting from the definition
of a set of space applications and scenarios, three swithching matrix technologies, i.e. Magneto-Optic,
Bulk Electro-Optic and Waveguide Electro- Optic, have been selected for manufacture development
and test campaign: in particular their performance in terms of insertion loss, crosstalk and switching
speed have been evaluated and compared under test campaing (thermal vacuum cycles, vibration and
shocks, gamma radiation test); instead another activity performed by EC [121] demonstrated the
ruggedization to space environment of a proprietary HUBER+SUHNER Polatis technology, by

means of the development and test of a breadboard.
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5.2 Simulation scenario definition and simulation results

In order to perform the analysis, a simulation scenario has been established: it is based on a GEO

reference satellite (hosting the switching matrix) capable to establish four kinds of different free space

optical links:

e one OISL from a LEO to the GEO satellite (LEO altitude: about 1200 km and link distance:

about 45000 km);

e two OFLs from two generic OGSs on ground (e.g. modellng the primary link and the
handover one) to the GEO satellite (GEO altitude: 35786 km and link distance: 35786 km

since both link performances have been evaluated for simplicity at 90° of elevation angle in

first approximation);

e one additional OFL (modelling e.g. the connectivity towards anisolated OGSs (i.e. not in site-

diversity) with the same parameters as above.

The communication features of this reference scenario are summarized in the following tables,

according to the link budget analysis activity in [122]. In particular Table 1 provides the link budget
for the OISL between GEO and LEO while Table 2 provides the link budget for the GEO OFL. Each
free space link has been considered composed by 10 DWDM channels in C band (around 1550 nm)
and with a channel spacing of 50 GHz, according to the ITU-T G.694.1 standard [123].

Table 5.1: Link budget for LEO-GEO OISL [121]

Link distance [km] 45000 45000

TX diameter [mm]

TX fixed Losses [dB]

Propagation Losses [dB]

RX fixed Losses [dB]

Minimum Required TX
Power/A [dBm]

Table 5.2: Link budget for GEO OFL [121]

Link distance [km] 35786

|
Uplink Downlink
h_

RX diameter [mm] 400 600

TX fixed Losses [dB] —1

Proiaiatlon Losses [dB]

Fiber coupling Losses [dB]

To['al Link Losses [dB] 67.4

TOT. MIN. REQUIRED TX 33.4
POWER [dBm]

The simulation has been performed by means of the OptiSystem tool. With reference to the link

budget summary above, the values of Mininum Required TX Power and Total Link Losses identified

are exploited to set the power of the optical transmitters and the attenuation of the optical attenuators,

respectively, in the simulation schematic: in fact each attenuator models the effects of all the losses



for eachconsidered link. This allows to determine the received power at the input of each link (before
the pre-amplification stage): considering that Prx[dBm] = Prx[dBm] — Ltor[dB], for all the links the
total received power at each input port (of the GEO reference payload) is between -35 dBm and -34
dBm.

Then, the overall signal level associated to each link is ampified by means of a Low-Noise Pre-
Amplifier: the parameters considered in the OptiSystem model for this block are the optical gain set
to 26 dB and the Noise Feature set to 4. Subsequently, eachsignal is demultiplexed in order to separate
all the WDM channels beloning to each link (10 channels per link): in particular a NRZ OOK
modulated channel with a bit rate of 10 Gbps (100 Gbps of aggregated bitrate) has been considered
for the simulation scenario purposes. In more detail this modulated signal is obtained by means of a
Mach-Zehnder modulator fed by a CW laser source. In the simulation schematic the DEMUX
component has been modelled as an ideal block (the same has been considered also for the MUX).
At this point all the extracted WDM channels (40 channels) are given in input to a 40x40 Optical
Switch Matrix Block performing optical channel circuit switching. The main parameters considered
in the simulation schematic for this block are the insertion loss, set to 1.5 dB and the switching time
set to 25 ms. After being routed, the channels at the output ports of the Switching Matrix are
multiplexed again and boosted (High Power Optical Amplifier block) before being re-transmitted
(similar observation already done for the RX section of the payload canbe done for the TX one).

To evaluate the effects of the propagation of the signal through the free-space link and within the
optical payload, a single WDM channel is extracted and photodetected on-board in order to evaluate
the achieved communication performances: this simplified scenario is representative of one in which
a customer payload is hosted on the same platform of the optical one. In Figure 5.3 the Eye Diagram
from the photodetected signal associated to the 194.1 THz WDM channel (associated to one of the
OFLs) is shown.
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Figure 5.3: Eye Diagram ofthe NRZ signl associated to 194.1 THz optical channel.
From the Eye Diagram analyzer a minimum BER of the order of 107 is obtained, which is a
meaningful result taking in account that no on board regeneration and processing of the signal (e.g

Forward Error Correction encoding, interleaving, turbulence mitigation, etc.) has been implemented

to overcome propagation impairments.
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6.Conclusions

The analysis of the current scenarios and future trends of SATCOM shows a new way to conceive
space connectivity, in relationship with new potential services and market opportunities: satellite
communications are becoming something closer to consumer needs, making SATCOM systems
mterconnected and interoperable with other different telecommunication nfrastructures, such as
terrestrial fixed and mobile networks (integration) and providing services to different typologies of
final users, both in space and on ground (heterogenity). This leads to a sort of “three-dimensional”
vision of concept to access space networks, more extensive with respect to how it has been
experienced up to now. To allow this various enabling technologies are being developed, covering
several levels of implementation, such as physical level, protocol level, service and security levels.
In this context optical/photonic technologies play an important role, with the aim to overcome the
current limitation of classical electronic technologies in terms of complexity and needed on-board
resources and to build a space telecommunication nfrastructure similar to the already existing
terrestrial fiber-based one. This thesis work fits into this line of research and, starting from the
identification of some SATCOM payload architectures, has provided an applicability study and a
system demonstration of a set of on-board functionalities implemented in the optical domain. This
represents a preparatory work for future developments which can include several different activities:
the qualification for the space environment of already existing photonic devices with a proven
heritage in terrestrial application; the design of new components and complex subsystems suitable
for space applications by integrating a set of devices, performing different basic functionalities, on
the same platform (Photonic Integrated Circuits, PICs); the improvement of architectures and
protocols to overcome issues related to FSO space systems; finally the set-up of dedicated In-Orbit
Demonstration (IoD) missions to demonstrate in space obtained technologies and operational

concepts.
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