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I. INTRODUCTION

In the last decade, Thales Alenia Space has puifisent research effort in photonic technologies atellite
applications, with the objective to provide telecgrayload systems with enhanced functionality, highe
performance and lower costs. Innovative payloadepts have been thoroughly elaborated, taking bienai
the capabilities of photonics. Transferring RF/migave signals onto optical carriers makes it pdssib
perform processing in the optical domain and betiefim specific attributes such as small size awd thass of
fiber optics, as well as multiplexing or switchiogpabilities, to name a few.

Such photonic RF payloads rely upon conventionattoise receive and high-power transmit RF sections
but contain a photonic repeater core, that effettisupports flexible routing of any RF signal frany input
port, to any output port at any frequency. Suchaglgad features optical distribution of centralizedcal
Oscillators (LO), photonic frequency-conversion analss-connection of RF signals.

The feasibility and applicability of these concepése been extensively assessed in the frame @dkMheU
(Optical Multi-frequency Conversion Unit for Broaad Transparent Analogue Repeaters) and OWR (Qptica
Wideband Reconfigurable — Receiver front end) E®digets. They outperform RF architectures in lasgale,
high-capacity payloads, for instance for multi-beacgess missions, where a small number of gateseye
numerous user beams. Today, the gateway-to-usen Bbacation must be fixed in the design phase edeia
photonic payload enables in-orbit reconfiguratiod anake this allocation reconfigurable all along thission.

This paper gives an overview of the payload corg;eptd presents the main achievements in the davelat
of system demonstrators. Sub-populated yet reptathen repeater models were assembled at different
technology maturity levels, but all providing erdend photonic RF paths, not only to prove the fionality,
but also to demonstrate performance and asseg®téetials for growth to larger system scales. @he-to-end
RF performance as achieved in test campaigns postesl.

IIl. MICROWAVE PHOTONIC REPEATER CONCEPTS

Innovative microwave photonic repeater concepte lmen investigated for years by Thales Alenia Spac
a means to provide telecom payloads with enhanapdhilities [1] [2] [3]. A new class of transpareapeater
was elaborated based on photonic technologiespptichl switching of RF signals was explored fohamncing
the reconfiguration capabilities of future telecsatellites with multiple antenna beams. Broadbaperation,
transparency to RF frequency bands and connectreitpnfiguration are essential features enablirtgréu
repeaters to adapt to evolving traffic demandsmdutine complete lifetime of the satellite.

A typical photonic payload architecture is discalstser, but basically consists in conventional noicave
low-noise receive front ends and high-power anmgaifon chains in the transmit section, and featarphotonic
repeater, which acts as a space/frequency switah tteus enables to route any RF sub-band from apyti
access port to any output access port and to bifrequency position accordingly. More specifigalthe
photonic repeater core supports the following fiomct:

« optical distribution of centralized, high-frequenaycrowave Local Oscillator (LO) signals. The sét o
LO’s is generated and transferred on optical cernéthin a photonic frequency generation unit (FGU
and delivered over optical fibers to 10’s of eleatptical mixers.

« photonic frequency-conversion of RF signals by rseah electro-optical mixers. The electro-optical
mixer being fed up by an optical LO, the RF sigrleived from an up-link antenna is down-converted
to an intermediate frequency (IF).

e optical cross-connection (circuit-switching) of Rdignals by means of micro-optical switches, that
feature unique capabilities such as scalabilitiatge port counts and RF frequency independence.

Electro-optical mixing offers attractive capabési out of which multiple frequency-conversion (OMC
performed by feeding the electro-optical mixer ws#veral LO’s on separate optical carriers usingelemgth-

division-multiplexing (WDM). An incoming RF signalt uxr can be mixed with multiple photonic LO’s on
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separate optical wavelengths, and it is thus plessibconvert this RF signal to several output algrat various
we frequencies after optical wavelength de-multiphgxand separate photo-detection.
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Fig. 1. Principle of optical multi-frequency conversion (OMC)

Functional applications of the OMC technique welgberated in more detail within the OMCU project.
OMC can be used for frequency routing, with fregquyeband or frequency-slot interchange and enhahnee t
reconfiguration flexibility of the photonic repeat@rchitectures. It can be used for routing to ipldtfrequency
bands as well. The OMC technique can thus greatlyarece the overall flexibility of photonic repeater
architectures by offering the following capabilgie

. full cross-connection functionality (i.e., fromauplink channel to any downlink channel, with pical
access, frequency-band and frequency-slot integgdan

. direct single-stage frequency conversion withiphcross-connectivity (i.e. no conversion to IF)

. inter-band reconfiguration capability (e.g., mliaccess in Ka-band, and downlink in Ku-band, and
later reconfigured depending the actual needsxample, to Ka-band).

Also, OMC can be used for wideband RF channeliratichere a wide input RF band can be down-converted
into multiple copies with some frequency shift sad@be sliced by sharp band-pass RF filters.

The present paper focuses on photonic architectonasng use of OMC, and designed for multi-beam
payload applications, and nicknamed as OMAR (OptortMvave Analogue Repeater) architectures in tamé
of the OMCU project. Such photonic architecturesenvexpected to exceed the capabilities of microviRive
implementations, bringing drastic mass, power awtlme savings, growing up to larger scales, and/or
supporting in-orbit reconfiguration.

lll. MULTI-BEAM BROADBAND ACCESS MISSION

Satellite operators have expressed their inteshiigher capacity and payload flexibility for ysafThe
proposed optical multi-frequency conversion concepfether optical switching can provide opticaloipit
reconfiguration, e.g. for flexible allocation oftgaway to user beams in multi-beam access missitiereas
equivalent RF implementations would result in uoaffble complexity, photonic architectures can gewsuch
capabilities, resulting in enhanced flexibility dodcapacity, and potential for increased revenues.

A. Multi-beam broadband access mission scenario

An example of a broadband satellite covering aamgEurope, is shown in Fig. 2. The underlying roetw
has a classical topology, i.e. star, in which sendeveral thousands of user terminals are corshéztine global
network through a gateway. The demand for smalt teseninals, together with the need to offer coritjwet
broadband access solutions, calls for small usartsgams. These spot beams (from 0.4 to 0.7 dd¢p-Band)
are arranged in a regular pattern, allowing toge-several times the available frequency band. i§hashieved
through a well-known scheme based, for instance}-oalor re-use, the color of a spot beam beininddfby a
combination of one out of two frequencies and oné af two states of polarization. The user beanes ar
connected to the gateway through the satelliteoih lalirections, namely Forward, from gateway torused
Return, from user to gateway. The number of spatiseconnected to a given gateway is limited byfeleder
link bandwidth available, itself limited by regubay constraints.

Fig. 2 shows an European coverage with 80 userlsmons arranged in an hexagonal pattern. In tisis, cg
to 8 user beams can be hooked to a gateway, mettrah@ total of 10 geographically separated gayevesie
needed for the system in its final stage of depleym
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Fig. 2. Example of multi-beam cover age of Europe with 80 beams

A communications payload architecture allowing tmmect any of the 10 gateways to any of the 80 user
beams would be of a great benefit to the oper#tarould permit a smooth deployment of the usemiaals in
the most promising areas and connect them to thiesfystem gateway. And then, to add spot beams@mukect
them adequately while new gateways and user telsnéma rolled out. To an operator who wants to miné the
risks associated with the ground network deploymiemtould be of great help to deploy the systeadgally, as
this would allow:

. to minimize the ground network CAPEX (Capital Expliture) at the beginning and test the servich wit
a minimum of initial investment, for instance bgaring the service over Europe with only one gatewa

. to have time to roll-out the user terminals: tséar ramp-up their production, put in place therttiation
scheme and install them at the customer premises.

. to start service in the areas (beams) havinditigest need for the service and the biggest pgatent

Gateway Users
27.5GH= 30.0GH=

] H Bx frequency
K plan

H ,J Tx frequency
v pla:n

17.5GH= 2000GH=
Gateway Users

Fig. 3. Reference frequency plan of the Forward and Return missions

These first served spot beams could be spreadtiowaoverage, e.g. with one beam per country |dcater
the most promising part of it. The spot beams tadmected to the first gateway would then be ahaserder
to minimize the initial risk and maximize the charaf a fast take-off of service. The color of th®sen beams
in the 4-color re-use scheme will then be randouh&ill most probably not fit within the gateway féer link
frequency plan. On-board down and up conversioguieacies will therefore be needed in a flexible nsarat
the start of service, and will evolve as the nekngmows and the number of gateways increases. matger of
example, the forward and return frequency plansl eseeference in OMCU project are shown in FigTBere
are 4 frequency slots in Receive and 2 frequeratg § Transmit, so that 5 LO frequencies are ngéede

B. Photonic RF payload architecture

Various OMAR implementations were designed for fardvand return repeater respectively, based otesimi
architectures all making use of OMC concept, anda@nmon optical building blocks. Fig. 4 above gioee of

Proc. of SPIE Vol. 10562 105621Y-4



ICSO 2016 Biarritz, France
International Conference on Space Optics 18 - 21 October 2016

the most relevant OMAR architectures consideredtlier forward repeater, similar architectures havvegn
proposed for the return repeater.

The Forward photonic payload consisted in a pheotdnéquency-generation unit (FGU), a photonic
frequency-down-converter assembly, and an optieabnfiguration section based on a wavelength-setect
optical switching architecture. The Return payloads based on the same principle, and on a similar
implementation. All the LO’s are generated and fammed on optical carriers within the FGU and vkaiéd to
modulator-based electro-optical mixers. The Forwardtonic FGU architecture was designed to proGid®©’s
to all output ports. The Return FGU architecture wasigned to provide 5 LO’s as well.

. _ ® » .h' User beam #1
GW#l i @ H:) .

Wavealength
Zelective
Switch

{ Multiple-LO
EO mixer

Gwmi@w_®

R
VaY,
o

| LO: Local Oscillator
{ EOM : Electro-Optical Mixer

Fig. 4. Photonic RF payload architecture for Forward repeater in multi-beam mission

RF signals received from up-link antenna accessedransferred onto the optical carriers at thetsde
optical mixers. When the electro-optical mixeread by an optical LO, the input RF frequency is dexsnverted
to an intermediate frequency (IF). Amplificationstdibution and switching are performed in the oatidomain
by means of optical amplifiers and micro-opticaltsies in the wavelength-selective switching unit.

At the output of this latter stage, opto-microwaeeeivers convert the optical signals back intoraviave
ones at IF, and RF channel filtering is achievedn®ans of conventional RF filter technology. Fromlipinary
estimations of complexity and budgets, it turnettbat equivalent RF payload implementations waelksllt in
huge amount of hardware, and were thus consideday/ tas almost unfeasible.

IIl. ENABLING TECHNOLOGY AND BUILDING BLOCKS

The considered photonic repeater architectureseabely in particular upon photonic LO distributiamd
frequency-conversion of microwave signals. LO sigria the 8-20 GHz range are needed under optarah f
with high power and low phase noise. Double sidedbmodulation with carrier suppression (DSB-CS)aof
high-power CW laser carrier through an intensitydoiator was used to create such photonic LO’s. @@pti
heterodyning of the first two side-bands at theeiesr then generates a high-purity LO signal.

MPL: AUTO

Fig. 5. Integrated photonic frequency-generation unit
- breadboard unit (right)
- singleoptical LO spectrum (left)

(DAS Photonics courtesy)
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The photonic FGU unit gathers all the means forgheerating and distributing the photonic LO’s he t
electro-optical mixers. It comprises photonic Lo€scillators slices mainly using CW laser and EOdVides,
passive components including WDMs and optical cexgpland an Optical Amplifier slice to increase plosver
level for each optical carrier. The photonic FGl@datboard was designed to deliver up to 5 LOs usisgparate
optical wavelength for each optical LO. Fig. 5 ab®hows the integrated photonic frequency generatiait,
assembled by DAS Photonics, and the optical spactfia single LO. The photonic FGU manufactured was
shown to comply with all the target requirements.

Mach-Zehnder intensity modulators have been praogrerform well as electro-optical mixers for phato
frequency-conversion for a long time, a particylafficient arrangement consisting in feeding thedoiator
with a photonic LO as described above. The RF sigmde down-converted is applied to the moduld&ér
input, thus superimposing a RF modulation of thécapintensity. Direct detection generates beadpcts, i.e.
the frequency sum and the frequency difference.tByng the opto-microwave receiver frequency respon
appropriately and using additional RF filterinige tunwanted frequency compounds can be removetasdhie
IF frequency only is output.

An OMCU model based on this principle was develope@n assembly of two dual-channel slices, i€ ea
slice containing two OMC channels. Each OMC slicaimty contained two electro-optical modulators and
electronic circuitry for bias monitoring and contrdhe modulators were low-drive voltage, electpiical
modulators on Lithium Niobate substrate developg@hotline (F), and assembled in small-form fapackage.
Fig. 6 shows the integrated two-slice, dual-cha@MIC unit model.

The role of the Wavelength-Selective Switch (WSSt is to extract individual optical channels fraire
WDM input optical signal, to route them separatelyd to convert these optical single-IF carriets RF output
signals in transmit Ka-band.

A WSS unit as much as possible representativeeofOIAR architecture was implemented, but in therfor
of a breadboard. It featured two optical inputs YdDM-based multiple-IF optical signals, and fourtioal
outputs with single-IF optical signals, than cobkl connected to four opto-microwave receivers pliogi RF
outputs, out of which two operated in Ka-band. TH8S breadboard consisted of a wavelength demuiige
slice, an optical switch slice, and an opto-micreaveeceiver slice. Fig. 6 below shows the WSS wvitt) all the
three slices assembled together, from left to ritte optical switch slice, the wavelength demidtyng slice,
and the opto-microwave receiver slice.

o~

TN :
‘ il ThalesAlenia

Space

Fig. 6. Two-dice, OMC unit model (left), and Wavelength-Selective Switch unit breadboard (right)

IV. PHOTONIC PAYLOAD SYSTEM DEMONSTRATOR

A down-scaled system demonstrator was developeld kiflding blocks at various levels of technology
readiness and representativeness. Fig. 6 showBNHER breadboard model designed to prove the arctitel
concept and to assess the RF performance. It vmesentative of a couple of end-to-end RF path with
inputs in receive Ka-band (28-30 GHz) and two otgoi transmit Ka-band (19-20 GHz).

The OMCU model and OMAR breadboard as assembledl@boratory demonstrator are shown in Fig. 7.
From left to right the OMAR breadboard demo feaguitee photonic FGU breadboard, the 2-slice asseontbl
Optical Multi-frequency Conversion Units (OMCU) atite Wavelength-Selective Switch (WSS) breadboard.
The photonic FGU can deliver optically to a numb&photonic frequency-converters up to 5 photoni@’d at
any frequency in the 5-20 GHz range with power phdse noise performance suitable for applicatiothén
considered repeater architectures. Fig. 7 also shioaoptical spectrum of the 5-LO signal, as meadsglable at
the photonic FGU output with LO’s operating in 8® GHz range.
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Fig. 7. Integrated photonic RF repeater demo (left) and optical spectrum of the 5-L O signal (right)
IV. DEMONSTRATION AND RF PERFORMANCE

System configurations, frequency plans, and RF input conditions for demonstration and test purpos
thoroughly defined so as to be representative of OMAR architectures in both Forward (FWD) and Returr
payloads. The demonstration was successfully achieved with 5-LO frequency-down-conversion from K
band in various frequency plans and configurations.

Fig. 8 below shows the optical spectrum as observed at different stages of the OMAR demonstrator,
from left to right, at the output of the photonic FGU, at the output of the OMCU, and at optical output
WSS breadboard before detection. As a matter of example, one sees the RF modulation superimposed
modulation at the OMCU output, and the selection of the desired channel and rejection of the others at tt
WSS output.

e swrga moamumy swzowzim e iz wosmen = mom 143 1Brm 1551 Bt BECrecd 1554, 18m
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Fig. 8. Optical channel spectrum through the OM AR demonstrator
(w/ down-conversion in Ka/Ka band)

Fig. 9 shows the RF spectrum at the output of the Ka-band opto-microwave receiver, after frec
conversion to the expected frequency with very good spectral purity in the channel bandwidth, withc
unwanted in-band mixing product higher than -75 dBc.
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w/ down-conversion from 28.75 to 19.95 GHz w/ down-conversion from 29.25 to 19.95 GH:
Fig. 9. RF spectrum of the | F output in various frequency plans

The RF performance of the photonic repeater sub-system were investigated in details, experiment
through theoretical calculations and simulations. Special attention was first paid to the essential RF perf
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namely the RF gain, noise figure and third-order linearity considering the ratip ¢Cthe carrier to the inte
modulation product, but all the usual RF performance were measured also including spectral qua
stability, gain flathess, time group delay variation as well as RF phase noise.

Different system configurations and conditions were assessed and different performance trade-
demonstrated, for instance by tuning the output power of the optical amplifier contained in the WSS u
matter of example, the Return payload repeater configuration was proven with RF gain about O dB, NF ¢
dB, and C/ ratio that could be as high as 66 dBc at -10dBm RF input power per tone. All togethe
performance were compliant with or very close to the specifications targeted for the Return application.

® Ret 10 am C o
Item Performance =
RF input frequency 27.5-30GHz
RF input power -20<-<+3dBm
RF output frequency 19 - 20.2 GHz B S
[ o]
RF spectral purity > 75 dBc
RF gain ~0dB I
Gain stability +0.5dB
Gain flatness <1dB
Noisefigure 43 dB
Output TOI > 23 dBm
Group delay variation <1lns
Phase noise <-95dBc @ 1 kHz

Fig. 10. Typical RF figuresand performance (left), 3'%-order linearity and phase noise (right)

Typical RF performance as measured during the OMAR demo test campaign are summarized i
Spectral purity, RF crosstalk and phase noise performance were also investigated. Excellent spectral p
in-band crosstalk lower than -75 dBc) was demonstrated. It was also shown that stringent RF ph
requirements can be met. No significant impairment was found to take place, neither in frequency-conve
in micro-optical switches, making both of them well suited for handling and routing broadband telecon
with no detrimental impact on their RF performance, neither in crosstalk nor in added phase noise.

The measured RF performance were also compared with the expected ones. The RF gain and n
calculations were updated by taking into account the actual characteristics of the components and unit:
or assembled in the project. There was a pretty good agreement between the measured figures and thi
performance, thus validating our system performance models and prediction tools.

IV. CONCLUSIONS AND PERSPECTIVES

Thales Alenia Space has demonstrated advanced innovative payload concepts making full us
photonics, wavelength-division multiplexing and optical switching technologies. This has been achievec
the development of a representative model of an Optical Multi-frequency Conversion Unit (OMCU) anc
in the system environment of an Opto-Microwave Analogue Repeater (OMAR) breadboard.

The demo was arranged in configurations representative of multi-beam analogue payload applica
architectures. The overall functionality of the OMAR demo was successfully validated in Ka band, b
concepts will find applications in a broader range of payloads, with other architectural variants or large
and could be easily extended to other frequency bands in particular Q/V, given the broadband natt
technology and its transparency to the RF frequency.

An extensive test campaign was run at photonic repeater sub-system level which included all the cor
RF test items, namely RF gain, noise figure, linearity, gain flatness, gain stability, group delay variatio
noise. The measured performance were found to be compliant with the target requirements, with or
deviations with respect to theoretical predictions. In addition, preliminary thermal tests were also succes
over the [-5°C, +50°C] temperature range.
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These results open the perspective of new paylokdians with in-orbit re-configurability, with afipation
to multi-beam broadband access mission in Ka-bawdadove. In such a scenario, a small number @wgats
can serve numerous user beams through forward etunr payloads. The optical reconfiguration concept
supports flexible gateway-to-user beam allocatiod anables to change this allocation all alongrtfigsion,
whereas today this interconnection remains fixednfithe design phase. Whereas RF implementationsdwou
result in high complexity and large amount of hamdsy photonic architectures and technologies cakema
flexible payloads achievable with standard RF penfmce, and mass and power budgets compatible with
existing platforms. This offers for instance thgogunities to deploy capacity stepwise, at lowsk and initial
investments, or to implement more efficient managieinand redundancy strategies, which both can tnedu
into larger capacity and better exploitation of jpag resource, at any time of the satellite life.

¥

)
ThalesAIenia -

Space
Fig. 11. Photonic Frequency Generation Assembly model, asintegrated within the OWR pr oject

Thales Alenia Space is engaged in the developnfatisuptive photonic payload technology [4], briimgy it
to higher maturity, and developing representativedats of photonic payload equipment, including phat
FGU and frequency-converters and photonic routmgt®ns. Other models with increased represergatsgs,
as shown in Fig. 11, have been assembled recémphgrticular in the frame of the OWR project. Tteehnology
is ready for further development, and shall be laigéé for in-orbit demonstration (IOD) in the shoerm. A
“flight proven” label is considered to be decisifoe adoption of photonics and introduction in thargnercial
field. An option in this 10D perspective would c@stsin a down-scaled, photonic payload system basethe
multiple-frequency conversion capability.
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