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o júri / the jury

presidente / president Doutor João Carlos Matias Celestino Gomes da Rocha
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Professor Catedrático, Universidade de Aveiro

Doutor Adolfo da Visitação Tregeira Cartaxo
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Palavras Chave Fotónica, radiofrequência, satélites de comunicações, fotónica em siĺı-

cio, ótica integrada.

Resumo Comunicações via satélite deparam-se com uma oportunidade única

para conectar as partes do Globo ainda por conectar, acabando assim

com a exclusão digital. Contudo, cumprir tal missão apenas será pos-

śıvel se comunicações via satélite e por fibra cooperarem para o mesmo

fim, providenciando a mesma largura de banda ao mesmo custo. Tal

desempenho requer uma nova geração de satélites de comunicações

assentes em processadores de alta capacidade, que permitam uma

alocação dinâmica de centenas de feixes com débito total superior a

1 Tb s−1.

Várias técnicas fotónicas têm demonstrado ser capazes de servir como

base à implementação de um processador de grande capacidade com

massa e consumo energético reduzidos, bem como com possibilidade

de reconfiguração para uma cobertura flex́ıvel. Contudo, uma imple-

mentação inevitavelmente disruptiva de tais técnicas fotónicas terá que

ser modular, o que até ao momento não foi demonstrado.

Nesta tese, demonstra-se que um receptor coerente assente em téc-

nicas fotónicas atende a tais demandas. O recetor coerente proposto

consiste num sistema de controlo fotónico que processa os sinais re-

cebidos por um agregado de antenas. O sistema baseia-se em linhas

de atraso sintonizáveis óticas implementadas com interferómetros de

Mach-Zenhder e em deteção coerente auto-heteródina. A arquitetura

proposta oferece elevada sensibilidade, cancelamento de rúıdo de fase,

atraso de fase de RF equivalente a atraso de fase ótico e também con-

versão de frequência RF.

É apresentado o desenho da arquitetura proposta num circuito inte-

grado de siĺıcio baseado em três atrasos de fase assentes em diferentes

efeitos: termo-ótico, injeção de portadores de carga e depleção de por-

tadores de carga. A tecnologia de depleção de portadores de carga é

demonstrada como a mais adequada para a aplicação em mãos.

Por fim, é demonstrada pela primeira vez a separação de dois feixes

num sistema de controlo fotónico para um receptor com base num

agregado de antenas. Tal demonstração prova que um processador de

grande capacidade implementado modularmente é efetivamente viável

com recurso técnicas fotónicas, o que abre caminho à introdução de

tecnologias fotónicas em satélites de comunicações da próxima geração.





Keywords Microwave photonics, communications satellites, silicon photonics, in-

tegrated optics.

Abstract Satellite communications face a unique opportunity to connect the

parts of the Globe that are yet to be connected, thus ending with the

digital divide. However, fulfilling such a mission will require satellite

and fiber communications to work together, both providing the same

bandwidth at the same cost. Achieving such a performance requires

a new generation of communications satellites based on high-capacity

signal processors, for allowing a dynamic allocation of hundreds of

beams with total throughput higher than 1 Tb s−1.

Various photonic techniques have proved to be capable of serving as

basis for implementing such a high-capacity signal processor, however

with reduced mass and power consumption, while at the same time

enabling a flexible coverage. However, an unavoidably disruptive im-

plementation of such photonic techniques will have to be modular,

which until today has not been demonstrated.

In this thesis, a photonic-aided coherent receiver that meet such de-

mands is demonstrated. A photonic beamforming system for phased

array antenna receiver is proposed. Such system relies on optical tun-

able delay lines implemented with Mach-Zenhder interferometers, and

on self-heterodyne coherent detection. The proposed architecture of-

fers maximum sensitivity, phase noise cancellation, optical phase shift-

ing equivalent to RF phase shifting and also RF frequency conversion.

The design of the proposed architecture is presented in a silicon pho-

tonic integrated circuit relying on three different types of phase shifters:

thermo-optic, carrier-injection and carrier-depletion. Carrier-depletion

is demonstrated as the most suitable technology for the targeted ap-

plication.

Finally, the separation of two beams performed by a photonic beam-

forming system is demonstrated for the first time ever. Such a demon-

stration proves that a modular high-capacity signal processor is feasible

resorting to photonic technologies, paving the way to the introduction

of photonics in next-generation communications satellites.





Light thinks it travels faster than anything but it is wrong.

No matter how fast light travels, it finds the darkness has always got there first,

and is waiting for it.

Terry Pratchett
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CHAPTER 1

Introduction

1.1 Motivation

Broadband technologies are driving a considerable development in different sectors

of many economies around the globe, while progressing with sustainable development

goals. They have been one of the key drivers in the economic development, resulting in

a gross domestic product growth in developing countries. Emerging technologies such

as 5G, big data, internet of things (IoT), intelligent transport systems, augmented re-

ality and artificial intelligence are contributing to the economic and social development

worldwide [1]. For all Humanity to have access to and benefit from these broadband

technologies, it is crucial to close the digital divide. Such can be done by working on

global connectivity.

Global connectivity to broadband internet has been showing signs of a healthy

growth along the years. However, the digital divide is still strongly present, as shown in

Fig. 1.1, with 45% of the world yet to be connected [2]. Furthermore, the data rate and

quality of service (QoS) have also a big gap between countries with highest connection

speeds, and those with lowest connection speeds, that it is necessary to overcome [1, 3].

This is the underlying motivation behind this thesis.

1.2 Bridging the digital divide with satellites

From a technological point of view, bridging the digital divide requires a full coop-

eration between complementary technologies. Satellite communications, fiber networks

and terrestrial wireless systems must work together to provide broadband internet from

urban locations, where fiber networks are present along with legacy technology such

as coaxial/hybrid fiber-coaxial or even copper networks, to remote and isolated loca-
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Figure 1.2: Ubiquitous broadband internet connectivity provided by satellites to serve in
widely different scenarios.

tions, where access to such terrestrial technologies is limited or non-existent [1, 4, 5].

Satellites can connect the unconnected world, providing ubiquitous connectivity to

broadband internet, being able to serve in almost any scenario. Figure 1.2 illustrates

such a ubiquity.

Looking to the global satellite backhaul capacity demand for satellite services, shown

in Fig. 1.3, it is clear that there is a strong increase in the demand for capacity

of almost 40% year-on-year, surpassing 1 Tb s−1 in 2025 [6]. Providing a broadband

capacity across the world by means of space-based communications has spurred new

2
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Figure 1.3: Global satellite backhaul capacity demand [6].

technologies such as high-throughput communication satellite (HTCS) [7–9], massive

non-geostationary orbit satellite (NGSO) constellations [10–12] and high-altitude plat-

form station (HAPS) systems [13–15]. HTCSs enable multiple and narrow spot beams.

A beam covers only a specific area of the globe. Using multiple beams also means

that a given frequency band, also referred to as color, can be re-used multiple times.

Consequently, the total capacity of the system can be increased with the number of

beams, without the need of increasing the bandwidth. In addition, a HTCS can pro-

vide coverage over one third of the surface of the Earth in a cost-effective way. This

means that while three HTCSs are sufficient to cover the whole Earth, NGSO constel-

lations, that are closer to Earth, need hundreds of satellites. Nonetheless, with massive

NGSO satellite constellations in low-earth orbit (LEO) the planet can be covered with

low-latency and high-bandwidth connectivity [16, 17].

Non-GEO satellite constellations

Driven by such benefits, public and private sectors are working together to a new

giant leap: The New Space Race [18, 19]. This race was already started by some rela-

tive newcomers, Elon Musk’s SpaceX [20], which already launched the most powerful

operational rocket in the world - Falcon Heavy - and plans to put 12000 satellites

in orbit in Starlink constellation, and Jeff Bezos’ Blue Origin [21], with the Project

Kuiper. Bezos aims to put 3236 satellites in orbit to provide high-speed internet around

the world. Another import player is OneWeb [22], backed by Airbus, which plans to

achieve a constellation of over 600 satellites until 2021 [23–25]. This promising compe-

tition would provide an effective global coverage and broadband access, even to remote

areas of the globe, such as the poles [26–28].

Constellations such as Iridium, developed by Thales Alenia Space, made the debut

of LEO constellations, with the first launch dating back 1997. Iridium is a global

constellation of 66 cross-linked LEO satellites which provides global voice and data

communications, with a spacecraft weight of 700 kg at launch [29, 30].

3
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GEO high throughput communication satellites

The established option for providing broadband internet access is a single geosta-

cionary orbit (GEO) satellite, which covers an extensive area. A prominent example of

this kind is the KA-SAT, developed by Airbus Defence and Space (ADS) for Eutelsat

Communications [8, 31], delivering high-bandwidth services to users in Europe and in

the Mediterranean Basin. KA-SAT is positioned at 13° East, accommodates simultane-

ously 82 Ka-band spot beams and delivers more than 90 Gb s−1. Nonetheless, KA-SAT

is a large spacecraft, i.e. at launch its weight is of 6.1 t and its power consumption

exceeds 11 kW [31, 32]. This poses an obstacle when playing a much needed capacity

increase for future satellites.

Non-GEO vs GEO satellites

Both technologies present their benefits and drawbacks, and even if they first look

like competitors, constellations of LEO and medium-earth orbit (MEO) satellites are

instead seen as complementary to GEO. Albeit the concept of LEO providing low-

latency and high-capacity is very attractive for bridging the most demanding appli-

cations, HTCSs prevail as the most mature and adapted technology for broadcasting,

which will allow them to continue being the leading solution [17].

1.3 Reconfigurable satellites

Communications satellites are designed to have fixed coverage with very limited flex-

ibility. A flexible satellite would allow to reconfigure the working frequencies, coverage

and power allocation. In a world where, nowadays, operators need quick answers to

the evolution of the market demands and also to serve new businesses, flexibility is

increasingly desired [33, 34]. To overcome such limitation, satellites need to adopt new

reconfigurable techniques [35].

So far, adding a new beam has been typically achieved by introducing at least one

more feed to the payload [36]. While such a design paradigm stood for more than half a

century, it has now become obsolete for two main reasons. First, it scales aggressively.

The number of feeds increases not only in proportion to the number of beams, but

also inversely to their width, as thinner beams require larger apertures encompassing

multiple feeds [37]. Second, user needs are changing at an accelerating rate. Having a

static beam configuration matching user needs at all times during the entire lifetime of

the satellite, typically spanning 15 years, is nowadays unrealistic. A scalable capacity

increase and a flexible beam configuration can be both achieved by operating the feeds

as a PAA, as illustrated in Fig. 1.4. Without loss of generality, let us consider a

PAA comprising N feeds and receiving a set of NB beams. Each feed now receives all

beams, each beam arriving with a unique delay with respect to other feeds. Such a

property enables separating all NB beams from the N signals produced by the PAA by

multiplying these by a matrix with NB ×N coefficients. In practice, such a matrix is

4
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implemented by a processor denominated by beamforming network (BFN), and each

coefficient is implemented by an amplifier or attenuator combined with a phase shifter.

In terms of scale, the required number of feeds increases only inversely to the minimum

beam width, resulting in the lowest possible number of feeds [37, 38]. As for flexibility,

a full-scale reconfigurable BFN is able to adapt to any set of beams. The same rationale

applies to a transmitting stage.
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Figure 1.4: Photonic-aided payload receiver. User beams are received by the satellite, aggre-
gated by the payload and re-transmitted to a ground station connected to the World Wide
Web. Inset: the photonic-aided payload receiver up-converts the signals provided by the
receiving feeds to optical signals, separates all beams via beamforming, and down-converts
the separated beams back to radio frequency (RF) signals at the right frequency to be re-
transmitted to a ground station by means of heterodyning. A monitoring and control loop
(MCL) is used to operate, optimize and stabilize the optical beamforming network (OBFN).

While implementing the feeds to operate as a PAA is trivial, a full-scale implemen-

tation of a BFN comprising all NB × N coefficients has so far been too cumbersome

to implement either with digital or analogue signal processors. On one hand, digitally

processing all signals provided by the PAA requires an unrealistic processing power of

at least 1 Gsample s−1 per input signal and per beam, over 10 Tsample s−1 for already

launched HTCSs [33, 37]. On the other hand, the size of an analogue BFN depends

on the length of each phase shifter, which is proportional to the wavelength of the

RF signals. This results in a deadlock: while a BFN processing high-frequency RF

signals is inherently compact, a low-loss implementation is challenging due to the high

frequency of the RF signals. Photonics allows overcoming such a tradeoff. The wave-

length of optical signals is more than 5000 times shorter than a typical Ka-band RF

signal, enabling significant miniaturization of the BFN. Yet, optical waveguides, either

fiber or within a PIC, are well known for being low-loss [39]. Such unique advantage

puts photonics in a leading position for implementing a BFN.
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1.4 Photonic-aided payloads

A photonic-aided payload can be defined as a regular RF payload that resorts to

photonic technologies or techniques for performing some functions. If a choice has been

made on using a photonic-aided payload, the additional effort to perform photonic

beamforming should be considered. In such case, a photonic-aided payload implements

the BFN with a programmable photonic processor, resulting in an OBFN, as described

in Fig. 1.4 [38, 40, 41]. A miniaturizable OBFN must be identical to an RF BFN,

with an optical phase shifter being equivalent to an RF phase shifter. Consequently, a

miniaturizable OBFN relies on coherent optical signal processing, which in turn enables

coherent detection [37, 38, 42, 43]. Coherent detection can also provide heterodyning,

thus enabling RF frequency conversion [37, 38, 44]. As a result, RF hardware is assigned

only to basic tasks such as amplification and inverse/output multiplexing [37]. The

main advantage of such an approach is that it does not change the payload architecture,

allowing to keep mandatory function modularity and redundancy mechanisms [37].

However, the sheer scale of the photonic-aided payload unavoidably results in long

optical paths, more than 5000 times longer than RF paths when normalized to the

wavelength. As a result, unavoidable thermal and mechanical gradients imposed to

optical paths produce a slow but random phase drift to the propagating signals, oblit-

erating beamforming if no action is taken. Given that there is no such problem in an

RF BFN, its configuration may be performed by a fairly static MCL. Conversely, an

OBFN requires a dynamic MCL, which nonetheless must be kept simple, scalable and

fast just enough to track phase drifting, in order to be suitable for a large-scale OBFN.

While all stages of a photonic-aided payload have been individually validated –

modulation [39, 45–49], beamforming [42, 43, 50–54], frequency conversion [55, 56] and

coherent detection [39, 42, 57] – such a MCL has never been demonstrated, preventing

the demonstration of a scalable, modular and coherent photonic-aided payload.

1.5 Objectives

The aim of this thesis is to fill this gap and to finally demonstrate a modular and

coherent photonic-aided payload. To achieve such a goal an OBFN based on microwave

photonic techniques, however resembling an RF BFN, was first developed. Theoretical

modeling and numerical assessment were then performed. This work was followed by

designing and fabricating such OBFN in a 14 different Si PICs. The latest stage of this

thesis involved setting up a demonstration testbed ready to the final demonstration.

This thesis fits in the scope of the European FP7 project BEACON, which was along

with the work here presented . The technology developed in BEACON is depicted in

Fig. 1.5. It aims to enable the sustained entry of photonics inside payloads, disrupting

the capacity upgrade of multi-beam telecommunication satellite payloads. Devices de-

veloped by project partners, such as the MZM arrays and a MC-EDFA, were integrated

in the demonstration testbed.

6



1.6. Contributions

The experimental setups were done in the state-of-the-art optical laboratories at the

Instituto de Telecomunicações in Portugal, whereas the production of the prototype was

carried out in IHP - Leibniz-Institut für innovative Mikroelektronik in Germany.

Figure 1.5: Project BEACON: BEACON aims to disrupt the introduction of photonics into
Tb/s payload systems by squeezing current discrete bulk photonic components into compact
array modules and generate practical photonic multi-beam PAA systems in a scalable and
power efficient way. Quoted from the BEACON’s Description of Work [58].

1.6 Contributions

� Invention of a true-time delay (TTD) OBFN for a PAA receiver. TODLs are

Mach-Zehnder delay interferometer (MZDI) with tunable coupling ratio (TCR),

which enables TTD beamforming. The optoelectronic conversion relies on self-

heterodyne detection, which makes optical phase shifting equivalent to RF phase

shifting, and also provides photonic RF frequency conversion. This invention is

disclosed in the patent application “Photonic beamforming system for a phased

array antenna receiver”, PCT/IB2016/052206, filed on the 18th of April, 2016

[59]. At this moment, it is already granted in Europe and United States of

America, and in course of being granted in China.
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� Development of an analytical model of the OBFN and corresponding numeri-

cal assessment. Different designs of the OBFN were analytically modeled with

the purpose of providing a solid starting point for numerical validation [53, 60].

A simulation platform aimed to model and optimize electrical-to-optical signal

conversion followed by the OBFN, signal detection and processing of coherent

modulation formats (e.g. QPSK) was performed. A system optimization was

performed, in which the specifications from the component, to module and up

to the sub-system and system level were discussed. Based on this information,

the specification analysis helped to define the performance requirements of the

two major sub-systems – the photonic microwave mixing and the TTD beam-

former subsystem proposed in the patent [59]. Finally, the task was concluded

with a complete system level modelling study of the BEACON demonstrator to

verify/tune the system specifications and predict/quantify system performance

with more accuracy. This work resulted in the publication J1, shown in the

Appendix A.

� Design of the proposed OBFN with different types of doped waveguides [61],

through the softwares IPKISS, KLayout and TeXeda, and IHP process design kit

(PDK). Different designs were made with an increasing number of input channels

to support one, two and four AEs, totaling 14 PICs in 3 tape-outs. The manufac-

tured PICs were experimentally characterized in a preliminary first stage in IHP

facilities [61] and then evaluated at Instituto de Telecomunicações in the optical

communications laboratories. Properties such as dynamic range, linearity and

power budget of the silicon photonic waveguides were analyzed for future refer-

ence to improve the system performance. This work resulted in the publication

J3, shown in the Appendix A.

� Experimental demonstration of a MCL to operate a TODL in real-time [62, 63].

The first experimental tests were done with the PICs manufactured in the first

run, in which two pilot tones were used as proof-of-concept. This work resulted

in the publication J3, shown in the Appendix A.

� Preliminary experimental demonstration of the OBFN working in real-time for

one, two and four input channels. Here, the MCL proposed in [63] was upgraded

and developed to suit a multi-beam OBFN. In one of the sub-systems, photonic

microwave mixing, two arrays of two GaAs MZMs packaged in one single com-

ponent and a MC-EDFA with 7 cores also packaged in a single device and space

evaluated were implemented. Special emphasis was given to the other subsystem,

a 4× 1 TTD beamformer, working with a single 1 Gb s−1 QPSK input signal at

28 GHz. This work resulted in the publication C9, shown in the Appendix A.

� Final experimental demonstration of the 4×1 OBFN working in real-time with an

integrated Ge-PD and a commercial off-the-shelf (COTS) TIA. The experiments

included integrating horn antennas to demonstrate single-beam and multi-beam

8
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beamforming with wireless signals [64]. This work resulted in the in the publica-

tion J4, shown in the Appendix A.

� Identification of the main limitations associated with high-capacity satellite com-

munication systems, including capacity, energy efficiency and weight concerns,

and understanding the role of photonics in such limitations. Comprehensive study

of new concepts for the development of novel microwave photonic techniques for

satellite communication systems, compatible with photonic integration and its

role in the new generation of photonic-aided payloads [38]. This work resulted in

the publication J2.

� Even though the focus of the present thesis is the real-time demonstration of

a modular and coherent photonic-aided payload receiver, such a demonstration

included several novelties worth highlighting: first-ever use of a MC-EDFA in an

OBFN, first-ever integrated OBFN including a photodiode, first-ever demonstra-

tion of an OBFN performing RF frequency conversion by means of heterodyne

reception, and first-ever separation of two beams by an OBFN. This work resulted

in the in the publication J4, shown in the Appendix A.

� In the scope of FP7 project BEACON, implementation of a complete testbed inte-

grating all project devices such as two GaAs MZM arrays, developed by aXenic,

a 7-core MC-EDFA assembled in a space-qualified package, developed by In-

PhoTech and Gooch & Housego, the OBFN PIC, designed and fabricated at IHP

infrastructures, and a real-time MCL developed at Instituto de Telecomunicações

[65].

1.6.1 Awards

A1 Altice International Innovation Award 2018 (AIIA2018): “Towards 5G: Tb/s speed

Telecom Payloads”, October 2018.

A2 Born From Knowledge - BfK Awards : “Towards 5G”, ANI - Agência Nacional de

Inovação, October 2018.

A3 Fraunhofer Portugal Challenge 10th edition: “Connecting the Unconnected: The

New Era of Satellites”, October 2019.

1.6.2 Patents

P1 M. V. Drummond., R. N. Nogueira, and V. C. Duarte, “Photonic beamforming

system for a phased array antenna receiver”, PCT/IB2016/052206, filed on 18th

April 2016.
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1.6.3 Publications in journals

J1 V. C. Duarte, M. V. Drummond, and R. N. Nogueira, “Photonic true-time-delay

beamformer for a phased array antenna receiver based on self-heterodyne detec-

tion”, Journal of Lightwave Technology, vol. 34, no. 23, pp. 5566-5575, Dec.

2016.

J2 M. V. Drummond, V. C. Duarte, A. Albuquerque, R. N. Nogueira, L. Stam-

poulidis, G. Winzer, L. Zimmermann, S. Clements, and J. Anzalchi, “Dimension-

ing of a multibeam coherent photonic beamformer fed by a phased array antenna,”

Optics Express, vol. 26, no. 5, pp. 6158-6171, Mar. 2018.

J3 V. C. Duarte, C. Ribeiro, J. G. Prata, G. Winzer, D. Petousi, L. Zimmermann,

R. N. Nogueira and M. V. Drummond, “Reconfigurable monitoring and control

system for tunable optical delay lines,” Optics Letters, vol. 43, no.11, pp. 2543-

2546, Jun. 2018.

J4 V. C. Duarte, J. G. Prata, C. Ribeiro, R. N. Nogueira, G. Winzer, L. Zimmer-

mann, R. Walker, S. Clements, M. Filipowicz, M. Napiera la, T. Nasi lowski, J.

Crabb, M. Kechagias, L. Stampoulidis, J. Anzalchi, and M. V. Drummond,“Mod-

ular coherent photonic-aided payload receiver for communications satellites”, Na-

ture Communications, vol. 10, no. 1984, Apr. 2019.

1.6.4 Publications in conference proceedings

C1 V. C. Duarte, R. N. Nogueira, E. Kehayas, L. Stampoulidis, J. Anzalchi, M.

Napiera la, T. Nasi lowski, R. Walker, M. O′Keefe, and L. Zimmermann, “Scalable

& low-power microwave photonics for flexible, terabit telecom payloads & high-

speed coherent intersatellite links”, in II International Conference on Applications

of Optics and Photonics (AOP2016), May 2014.

C2 R. N. Nogueira, V. C. Duarte, and M. V. Drummond, “Microwave photonics for

RF signals detection and processing”, in MOMAG 2014: 16o SBMO - Simpósio

Brasileiro de Micro-ondas e Optoeletrônica e 11o CBMag - Congresso Brasileiro

de Eletromagnetismo, Aug. 2014.

C3 T. Varum, J. N. Matos, V. Duarte, and P. Pinho, “Circularly polarized mi-

crostrip antenna array for the Ka-band”, in 2015 IEEE International Symposium

on Antennas and Propagation USNC/URSI National Radio Science Meeting, pp.

1864-1865, Jul. 2015.

C4 V. C. Duarte, M. V. Drummond, and R. Nogueira, “Photonic beamforming

receiver for phased array antennas”, in 10th Conference on Telecommunications

CONFTELE 2015, vol. 1, pp. 1-3, Sep. 2015.
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C5 V. C. Duarte, M. V. Drummond, and R. Nogueira,“Photonic true-time delay

beamforming system for a phased array antenna receiver”, in 2015 SBMO/IEEE

MTT-S International Microwave and Optoelectronics Conference (IMOC), pp.

1-5, Nov. 2015.

C6 V. C. Duarte, M. V. Drummond, and R. N. Nogueira, “Coherent photonic true-

time-delay beamforming system for a phased array antenna receiver”, in 2016

18th International Conference on Transparent Optical Networks (ICTON), pp.

1-5, Jul. 2016.

C7 V. C. Duarte, A. Pȩczek, M. V. Drummond, R. N. Nogueira, G. Winzer, D.

Petousi, and L. Zimmermann, “Coherent photonic beamformer for a Ka-band

phased array antenna receiver implemented in silicon photonics integrated cir-

cuit”, in International Conference on Space Optics (ICSO2016), Proc. SPIE

10562, pp. 1-7, Oct. 2016.

C8 V. C. Duarte, R. N. Nogueira, and M. V. Drummond,“Impact of Intercore Cross-

talk of a 7-core EDFA in a Photonic Beamformer System”, in Frontiers in Optics

2017, OSA Technical Digest (Optical Society of America, 2017), paper FW6A.4,

Sep. 2017.

C9 V. C. Duarte, J. G. Prata, C. Ribeiro, R. N. Nogueira, G. Winzer, L. Zimmer-

mann, R. Walker, S. Clements, M. Filipowicz, M. Napiera la, T. Nasi lowski, J.

Crabb, L. Stampoulidis, J. Anzalchi, and M. V. Drummond,“Integrated Photonic

True-Time Delay Beamformer for a Ka-band Phased Array Antenna Receiver”,

in OSA Optical Fiber Communications Conference - OFC 2018, OSA Technical

Digest (Optical Society of America, 2018), paper M2G.5, Mar. 2018.

C10 V. C. Duarte, J. G. Prata, R. N. Nogueira, G. Winzer, L. Zimmermann, R.

Walker, S. Clements, M. Filipowicz, M. Napiera la, T. Nasi lowski, J. Crabb, L.

Stampoulidis, J. Anzalchi, and M. V. Drummond, “Modular and smooth intro-

duction of photonics in high-throughput communication satellites - perspective

of project BEACON”, in International Conference on Space Optics (ICSO 2018),

Proc. SPIE 11180, vol. 11180, July 2019.

1.7 Outline

This thesis is organized as follows. Chapter 1 starts with the introduction and

motivation of this thesis, followed by a brief summary on the role of satellites in closing

the digital divide. The main contributions and outline are presented.

Chapter 2 provides a short background of satellite communications, which gives the

insight to understand the motivation and the following chapters. This chapter starts by

briefly describing what a satellite link is and the working principle of antennas. Then,

the working principle of common RF bent-pipe payloads and its system requirements

11



1. Introduction

are described, and this background is expanded to the RF flexible payloads. At the

end, the dimensioning of the new generation of RF flexible payloads - photonic-aided

payloads - is explained.

Chapter 3 is devoted to the analytical and numerical model of the proposed OBFN

for a PAA receiver. This chapter starts with the modeling of the receiver, explained

from the modulation stage until the coherent detection. Then, the impairments, power

budget and the sources of crosstalk in the system are described, followed by a numerical

assessment of such effects.

Chapter 4 addresses the design of the proposed OBFN in a silicon PIC. Here a short

background on silicon photonics is given, followed by a description of complementary

metal-oxide semiconductor (CMOS) technology. 14 chips with different designs and

distributed in three generations are designed and fabricated. The first experimental

results from both on-wafer tests and chip embedded in a PCB are presented. The three

technologies were compared and one was chosen as the most suitable for the purpose

of this thesis.

Chapter 5 is devoted to the description of the experiments. First, the self-coherent

receiver is presented, in which the details of a MCL necessary to operate the OBFN

are covered, followed by the time delay equalization for the first, second and third

generations of photonic beamforming systems. The first generation of PICs was used

to compare the different types of phase shifters commonly used in silicon, i.e., thermo-

optic, carrier-injection and carrier-depletion. The latter was deemed as the most suit-

able given the negligible power consumption. After proving the working principle of

self-heterodyne detection with the first generation of PICs, the MCL was upgraded to

enable beamforming. Beamforming was then first achieved with the second generation

of PICs. The setup evolved along with the introduction of new generations of PICs.

Single-beam and multi-beam beamforming was finally demonstrated with a wireless

link. Furthermore, tests for assessing the correct operation of the system under diffe-

rent circumstances such as temperature dependence, system stability and impairments

produced by the pilot tones, were performed.

Finally, the main conclusions are presented, followed by a discussion on the envisaged

directions for future work.
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CHAPTER 2

Satellite communications

Satellite communications rely on receiving, processing, routing and transmitting

analog and digital signals, such as data, voice and video from/to different regions of

the world. As such, communications satellite play an important role in the global

telecommunications network. To perform these functions, each satellite carries the so-

called payload. The payload is what dictates the main purpose for which the satellite

was developed. In the context of communications satellite, the payload comprises the

antennas, receiver and transmitter stages.

The payload differs according to the satellite orbit, capacity and size. Satellites

can be found in various orbits, namely GEO, MEO and LEO. GEO orbit is at a

minimum of 36 000 km above the earth, whereas MEO is at about 10 000 km, and LEO

between 500 km and 1500 km above the Earth [66]. Such impacts the capacity and

size of the payload as well as of the spacecraft. GEO satellites are the most employed

in communications satellite since they can provide extensive coverage that includes

entire continents and countries. With a wide coverage comes a need for more capacity,

higher than for any kind of non-GEO satellites, and also higher payload mass. Such

characteristics make GEO satellites bigger in mass, capacity and coverage than MEO

and LEO satellites.

Wide coverage is enabled by multi-beam GEO satellites architecture, as depicted in

Fig. 2.1. This illustration shows the broadband internet coverage area that KA-SAT

provides to users in Europe and Mediterranean basin [33, 67]. The multi-beam nature

can be observed through the coverage area sampled in hexagonal spots, each with

the same size and distance between each other. These beams are assigned a specific

frequency band and polarization, avoiding then interference between adjacent spots

[68].

Data transmission is distributed in different radio frequency bands. The frequency

bands of interest to communications satellite lie above 100 MHz, since the ionosphere
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Figure 2.1: KA-SAT user beam layout [33, 67].

is opaque for lower frequencies. Frequency bands transparent to the atmosphere, such

as L-, S-, C-, X- and Ku-bands are the most employed, due to the lower-cost equipment

and better propagation characteristics. However, higher frequency bands such as Ka-

band allow higher bandwidth transmission through smaller receiving antennas, with

higher directivity, which overcomes drawbacks such as higher costs and insertion losses

[66]. The frequency bands are presented in Table 2.1 [69].

Table 2.1: IEEE radar-frequency band nomenclature [69].

Frequency [GHz] Band

1-2 L
2-4 S
4-8 C
8-12 X
12-18 Ku

18-27 K
27-40 Ka

40-75 V

A background in communications satellite is required to understand the motivation

of the developed work. Such is covered in the present chapter, firstly describing end-to-

end satellite links in Section 2.1, followed by an introduction to antennas fundamentals

in Section 2.2. Section 2.3 is devoted to the description of the GEO spacecrafts, and the

next sections to the payload itself. In section 2.4, the standard RF bent-pipe payload

is described. In section 2.5, payloads with various degrees of flexibility are introduced.

Finally, section 2.6 presents photonic-aided payloads and a technology comparison.

14



2.1. Satellite links

2.1 Satellite links

An end-to-end satellite system consists of a communication link established between

a ground transmitter, the satellite, and a ground receiver. The link between the ground

transmitter to the satellite is the uplink, while the link from the satellite to the ground

receiver is the downlink. A link established among multiple satellites is called inter-

satellite link [37, 70]. The schematic is depicted in Fig. 2.2.

Ground Transmitter Ground Receiver

Uplink Downlink

Satellite

Figure 2.2: End-to-end satellite communication links.

A communications satellite relays information between gateways and users, in which

gateways are typically connected to the World Wide Web, thereby providing Internet

access to users [33]. Thus, a satellite link comprises four links, which are forward and

return gateways and uplink and downlink. While a few gateways serve a large number

of users, users are spread across wide areas. Hence, the satellite must handle a large

number of user links, each of which defines a user beam. The total capacity of the

satellite is therefore proportional to the spectral width attributed to each user beam,

and to the number of user beams [33]. Figure 2.3 shows the typical architecture of a

transmitter ground station for a return link, Fig. 2.3(a), and a receiver ground station

for a forward link, (b). In a transmitter ground station, the baseband signals coming

from operators are multiplexed and fed to an intermediate frequency (IF) modulator.

The signal is amplified by a high-power amplifier (HPA), filtered and upconverted to the

transmission frequency, typically in Ku or Ka band for GEO satellites and transmitted

to a GEO satellite. In the receiver, the signal transmitted by the satellite to the ground

station is RF downconverted in a first stage, amplified by a low-noise amplifier (LNA)

and fed to the IF demodulator, in order to downconvert the RF signal to a baseband

signal. The signal is demultiplexed and sent to the users.

Link dimensioning is a complex optimization problem, however with two basic

premises. It is important to guarantee that the uplink signal frequency is higher than

the downlink signal frequency, since the satellite can more easily generate high-power
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Figure 2.3: Ground station block diagram for the (a) return link and (b) forward link.

downlink signals at lower frequencies. Furthermore, low-frequency signals are less sus-

ceptible to degradation, such as atmospheric attenuation, therefore less power is re-

quired. The second parameter is that different links should have different frequencies

and preferably different polarizations for avoiding crosstalk among adjacent beams that

are part of the link. Thus, adjacent beams can have the same frequency or polarization

but not both. With these conditions, the most critical link is the uplink signal, since

various output beams at high-frequency arrive to the satellite with very low power [38].

2.2 Antennas

Antennas are one of the important units in a satellite payload. Therefore, a suitable

antenna for the desired architecture has to be employed. For such, a brief description

of the main antennas background is here presented.

An antenna is a metal waveguide with a fixed length with a quarter-wavelength

monopole to drive the microwave waves at a certain frequency into one end. On the

other end, some of that power is radiated into space. In this way, the antenna efficiency

corresponds to the power radiated to the space divided by the total input power [66].

Common satellites typically employ horn antennas. The end of these waveguides

are flared outward in the shape of a pyramid or a cone, such that major part of the

energy is radiated with minimal reflections. Furthermore, these types of horns have

smooth interior walls, which minimize loss and reduce the generation of higher order

modes that interferer with the efficiency and polarization performance [66]. Different

types of horn antennas are depicted in Fig 2.4. A pyramidal horn antenna is well suited

for linear polarized systems due to its rectangular extended straight waveguide. The

result is a symmetrical main-lobe pattern and almost no cross-polarized component.

On the other hand, conical horns are best suited for dual linear or circular polarized

systems [37, 66]. Both antennas present a low linearly polarized cross-polarization, with

identical efficiency. Conical antennas show an efficiency of 90 % over 15 % bandwidth,

while pyramidal antennas show an efficiency of 90 % over 10 % bandwidth. Due to the

high-efficiency (∼ 90 %) of conical and pyramidal horn antennas, these are the most

common antennas implemented on satellites antenna arrays [37].

In communications satellites, where multiple spot beams are received/transmitted,

it is necessary to implement an array comprising multiple feeds, as presented in Fig.
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Figure 2.4: Types of horn antennas from left to right: pyramidal, E-plane, H-plane, conical
and exponential horn [66].

2.5. Some parameters in the array need to be considered, such as the physical location

and the separation of each adjacent horn antenna so that the required number of feeds

are placed within the prime focus of the reflector [66]. A reflector is needed to increase

the gain and directivity of the horn AEs. Its size is dictated by the required gain of

the signal, which means that very big reflectors are used in satellite communications,

Fig. 2.5(c). Due to its size, the reflectors are only deployed when the satellite is in

orbit [66, 72].

Feed arrays can have different configurations according to the number of feeds per

beam and the way the beams are combined. There are three fundamental configura-

tions: single feed per beam (SFB), multiple feeds per beam (MFB) and phased array

feed reflector (PAFR) [72]. In SFB arrays, each antenna generates a single beam, Fig.

2.6(a). Here, the feeds are located in the focal plane of the imaging system, which

means that the beam direction depends on the position of the antenna. SFB arrays

typically use a single reflector [72]. MFB arrays are based on small sub-arrays for each

spot, in which adjacent spots are shared among different feeds, Fig. 2.6(b). Since

in this scheme the feeds are not focused in the focal plane, limited beamforming and

beam shaping can be performed. MFB arrays are typically used for obtaining thinner

beams. The last approach is the PAFR, Fig. 2.6(c), in which each feed contributes to

create all beams. Here, the reflector only acts as a magnifying lens. This configuration

corresponds to a PAA. Nonetheless, a PAA cannot process by itself the signals in order

to obtain beams. For such, a BFN is employed [36, 71–73]. A BFN takes signals from

a PAA receiver and produces beams, or takes beams and produces signals that are fed

to a PAA transmitter. An example of a BFN is shown in Fig. 2.5(b). This type of

beamformer presents a static configuration, which, nonetheless, has a negligible power

(a) (b)

Reflectors

Feeds

(c)

Figure 2.5: (a) Model of the Medusa feed array and (b) partly assembled BFN of the Medusa
feed array [71]. (c) KA-SAT payload module.
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Figure 2.6: (a) SFB, (b) MFB and (c) PAFR configurations [72].

consumption. In order to have a flexible configuration enabling various degrees of free-

dom, vary the power allocation among beams or suppress interference in the receiving

stage, while at the same time enabling high capacity, there is need of an adjustable

BFN [36, 38]. This type of BFN has three possible implementations, RF, digital or

optical, that will be described in a further section.

At the receiver side interference between feeds can occur. This type of interference

is due to poor isolation among feeds. Nonetheless, with a good payload design this type

of interference should be negligible [37]. The other type and most common interference

is in a multibeam scenario, interference between beams. Considering the same working

frequency and polarization, it is possible to have different cases of beam interference.

Such scenarios are illustrated in Fig. 2.7 [37]. Interference in the uplink occurs in the

satellite whenever a signal is contaminated by an interfering beam, while for a downlink

scenario, the interference is observed in the ground station, whenever an interfering

sidelobe points to the same direction of the signal beam. To avoid such interferences,

narrow beamwidths need to be employed. Nonetheless, it is very challenging to generate

and precisely point very thin beams. As such, the radiation pattern [74] must be

optimized over time, which can be done by a dynamic BFN [37, 75].

in
terferin

g

sign
al

Uplink Downlink

Figure 2.7: Examples of sidelobe interference on uplink and downlink [37].
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2.3 GEO spacescraft

In a GEO satellite, the higher level of a payload is the spacecraft itself. This com-

monly rectangular-shaped spacescraft has the earth deck as the side facing the earth.

Attached to the earth deck, there are four panels, the north, south, east and west, in

which in east and west is common to have antennas attached. The solar panels are

attached to the north and south panels, and the thrusters are attached to the anti-earth

deck. The schematic of a GEO spacescraft is depicted in Fig. 2.8(a).

When the GEO spacecraft is in orbit, its orientation is of high importance and

must follow two standards, as shown in Fig. 2.8(b). One is that the earth deck must

be always point in the direction of the earth, and the second is that the solar panels

always need to have sunlight, except for eclipses. As such, solar panels are almost

perpendicular to the sun as they are made able to rotate in the north-south axis [37].

Solar panel

Earth deck

N panel

Thruster

Antennas

W panel

(a)

E

W

S

N

Anti-earth
deck

(b)

Figure 2.8: Schematics of the GEO spacescraft (a) layout and (b) orientation in orbit. Legend:
N - North, S - South, E - East, W - West [37].

2.4 RF bent-pipe payload

The basic level of a bent-pipe payload is the transponder. A transponder corresponds

to all units of a satellite after the receiver antennas until the units in the transmitter

antennas. The simplified diagram is depicted in Fig. 2.9. Following the diagram, the

receiver (Rx) antenna collect the uplink signals, and filters them with band-pass filters

to suppress out of band interference. The filtered signals are amplified by LNAs, whose

noise figure dominates the noise figure of the entire Rx chain. The signals are frequency

downconverted from the uplink frequency to the downlink frequency. The LNAs and

the frequency converters can be referred as the receiver. The next step includes an

input multiplexer (IMUX), which is essentially a channelizer that forms the downlink

beams from uplink beams, followed by the HPA subsystem. This unit comprises a

preamplifier to condition the signal power that is fed to the HPAs. The amplified RF
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signals are filtered and multiplexed by an output multiplexer (OMUX), and fed to the

Tx antenna, which emits the downlink signal [37, 66].
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Figure 2.9: Simplified block diagram of a bent-pipe payload transponder.

2.5 Flexible payloads

2.5.1 More flexibility payloads

RF bent-pipe payloads with static coverage are the most common ones in the world

of satellite communications. However, satellite operators have been pushing for flex-

ible payloads, given the accelerating dynamics of telecom markets. To fully exploit

flexibility-related advantages such as flexible bandwidth allocation, gain, uplink-to-

downlink channel mapping, channel-to-beam assignment and power allocation, various

so-called RF flexible payloads have been proposed [37, 76, 77].

The simplest way of achieving basic flexibility relies on remotely-controllable traveling-

wave tube amplifiers (TWTAs). Such payloads benefit from flexible power allocation

among beams that can be configured according to traffic demands [78, 79].

More flexibility can be achieved using digital signal processing (DSP). For instance,

using a PAA with DSP BFN makes it possible to handle an increasing number of

narrower spot beams, therefore increasing capacity. For the moment, DSP with the

necessary resources for a large-scale BFN is not available. Even if it would be, it would

require too much mass and power consumption [37, 77], especially for high-frequency

bands [37, 66].

In Fig. 2.10 a schematics of a payload receiver resorting to DSP, and also includ-

ing a DSP BFN, is detailed. Each IF signal is fed to an analog-to-digital converter

(ADC), which feeds a digital channelizer that demultiplexes the individual carriers for

being separately processed in the digital beamformer. Subsequently, the signals are

multiplexed and fed to the digital-to-analog converters (DACs). Each DAC restores

the signal to the RF domain. Further frequency conversion is performed if needed.

Signals are boosted and fed to the antenna arrays [37, 66, 80, 81].
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Figure 2.10: Simplified block diagram of digital beamforming payload receiver.

The current state-of-the-art of a communications satellite designed with a pro-

grammable digital signal processor is EUTELSAT QUANTUM satellite developed by

Airbus Defense & Space (ADS), and ready to be launched in the present year [82].

QUANTUM offers a total bandwidth of 3.5 GHz that can be allocated to 8 steerable

spot beams. Still, the corresponding capacity is almost thirty times lower than the

already launched HTCS KA-SAT, that offers a capacity of 90 Gb s−1 [31, 32]. Nonethe-

less, it will be the first communications satellite offering flexibility in coverage, power,

frequency and bandwidth [82, 83]. Future DSP-based communications satellites are

also being developed by Thales Alenia Space and Orange with HTCS KONNECT

VHTS, which will possess the most powerful on-board digital signal processor ever put

in orbit, and is expected to be fully operating in 2021. KONNECT VHTS weights

6.3 t and has a Ka-band-allocated capacity of 500 Gb s−1. This new-generation satel-

lite will deliver high-speed broadband across Europe with flexible capacity allocation,

optimized spectrum use, and a new deployed ground network [82, 84].

2.5.2 Analog flexible payloads

While implementing the feeds to operate as a PAA is trivial, a full-scale implemen-

tation of a BFN comprising all NB × N coefficients (NB the number of beams and

N the number of signals) has so far been too cumbersome to implement either with

digital or analogue signal processors. Digitally processing all signals provided by the

PAA requires an unrealistic processing power of at least 1 Gsample s−1 per input signal

and per beam, over 10 Tsample s−1 for already launched HTCSs [33, 37].

As for the alternative analogue BFN, the main reason why it has not been developed

is that the size of an analogue BFN depends on the length of each phase shifter,

which is proportional to the wavelength of the RF signals. This results in a deadlock:

while a BFN processing high-frequency RF signals is inherently compact, a low-loss

implementation is challenging due to the high frequency of the RF signals.

Photonics allows overcoming such a tradeoff. The wavelength of optical signals is

more than 5000 times shorter than a typical Ka-band RF signal, enabling significant

miniaturization of the BFN. Yet optical waveguides, either fibre or within a PIC, are

well known for being low-loss [39]. Such unique advantage puts photonics in a leading

position for implementing a analogue BFN.
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2.6 Photonic-aided payloads

A photonic-aided payload implements the BFN with a programmable photonic pro-

cessor, resulting in an OBFN [38, 40, 41]. A straightforward approach to designing

a miniaturizable OBFN is to make it identical to an RF BFN, with an optical phase

shifter being equivalent to an RF phase shifter. Consequently, a miniaturizable OBFN

relies on coherent optical signal processing, which in turn enables coherent detection

[37, 38, 42, 43]. Coherent detection can also provide heterodyning, thus enabling RF

frequency conversion [37, 38, 44]. As a result, RF hardware is assigned only to basic

tasks such as amplification and inverse/output multiplexing [37]. The main advantage

of such an approach is that it does not change the payload architecture, allowing to

keep mandatory function modularity and redundancy mechanisms [37]. The ability

to perform signal modulation, stable OLOs, optical downconversion stages, as well

as beamforming and filtering in the optical domain, spurred a significant interest in

photonic-aided payloads.

The first generation of proposed photonic-aided payloads started with the introduc-

tion of frequency generation and conversion units, followed by a wavelength selective

switch. Hence, the first proposed schemes started with a photonic version of the RF

bent-pipe payload presented in Fig. 2.9, a photonic-aided payload. The photonic-aided

payload is depicted in the diagram of Fig. 2.11. This is a repeater architecture in which

the core section has N OLOs. Each OLOs and RF signals are fed to electro-optic mod-

ulators (EOMs), in which photonic RF frequency conversion to an IF is performed.

The signals are then amplified and routed through a switch. The signals are converted

back to the electrical domain by optical receivers and further channelization is per-

formed [85–87]. Alternative solutions came with a hybrid proposal using a microwave

photonic front-end which feeds the frequency downconverted signals to the ADCs to

be processed by a digital signal processor [67, 85, 87–91].
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Figure 2.11: Simplified schematics of a photonic-aided payload repeater. Here, routing and
switching are performed through MWP techniques.
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The second generation of photonic-aided payloads aims to achieve all degree of

flexibility including photonic beamforming. However, until now, only a static photonic

RF hybrid structure using a Butler matrix has been presented [92]. Such a structure

involves a first stage producing horizontal beamforming followed by second stage for

achieving vertical beamforming, thus being cumbersome [87, 92].

2.6.1 Self-heterodyne photonic-aided receiver

The main advantage of any photonic-aided payload is that signal transport resorts to

optical fibers, which are less lossy and much lighter than coaxial cables. Nonetheless,

there are further advantages in resorting to self-heterodyne detection, which makes

this type of payloads advantageous compared to the rest. Self-heterodyne coherent

detection is a technique in which a laser signal is split into two paths, one of which

is frequency-shifted with respect to the other before both beams are recombined for

coherent detection. This enables phase noise cancellation, makes photonic RF phase

shifting equivalent to optical phase shifting and also enables photonic RF frequency

downconversion [53].

In [38], a new generation of photonic-aided payloads was proposed where all signal

processing is done in the optical domain. Figure 2.12 depicts the proposed payload.

Here a PAA feeds the input RF stage. The signals are filtered by low-pass filters

and each signal is amplified by a LNA, as previously mentioned. Each LNA output

RF signal is converted to the optical domain by means of EOM, such as a MZM

biased in the minimum transmission point. All optical signals are originated from a

single reference laser source (RLS) and transmitted through short fiber links until the

OBFN. The OBFN can be considered as a coherent multiple-input multiple-output

(MIMO) processor that separates each beam coming from the input optical signals.

The signals are fed to an array of balanced photodetectors (BPDs), and, at the same

time, a frequency-shifted optical local oscillator (FSOLO), shifted by ∆f and generated

from the RLS, is also fed to the same BPD array. Here the signal is self-heterodyne

detected generating a frequency-downcoverted RF signal. The output RF signal is fed

to the output RF stage, where an HPA subsystem amplifies the signals and feeds to

the PAA through the OMUX.

Such architecture comes with the benefits previously described, but yet more impor-

tantly, it allows to have a modular photonic processor. This means that parts of the

system can be implemented in different modules, forming subsystems, and combined

at the end. Modularity is a key advantage as it allows to smoothly scale the payload

depending only on the number of feeds and on the number of beams.

Now, let us consider that the RF signal is in the Ka-band, fRF = 30 GHz, and that

the RLS has a wavelength of 1550 nm. Since a OBFN comprises waveguides, couplers

and phase shifters, and that, all of those, have a size proportional to the operating

wavelength, the OBFN can be miniaturized by a factor of c/λ
fRF
≈ 5000 [38]. Such

advantage confirms that the proposed system complies with a huge decrease of mass.
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Figure 2.12: Simplified schematics of the proposed photonic payload transponder.

But does the decrease of the mass comes with a decrease of the power consumption?

2.6.2 Dimensioning of a photonic-aided payload receiver

In fact, the answer to this question is not as straightforward as it seems. To achieve

the best performance with maximum reduction of mass and power consumption, an

end-to-end dimensioning of the photonic-aided payload should be performed.

In [38] the power consumption regarding each active device present in the photonic-

aided payload depicted in Fig. 2.12 is calculated. Here, it is considered only the receiver

part and, as such, the HPA block diagram is not taken into consideration. For such

calculations, each AE outputs two signals, one from each polarization. Accordingly,

from each received beam, there are 2N LNAs, 2N + NB optical amplifiers (OAs),

and NB TIAs. Regarding the OBFN, there is N · NB phase shifters. For N = 1116

AEs, NB = 260 uplink user beams, and a laser power of 100 mW per AE with an

energy efficiency of 25%, the power consumption of all active devices in the photonic-

aided payload receiver is shown in Fig. 2.13. As observed, the majority of power

consumption is consumed by the LNAs and OAs, totaling 76.1 %. Given the low power

consumption of each phase shifter of 1 mW, the OBFN only consumes 4 % of the total

power consumption. This shows that the amplification stages are the most power

consuming in a photonic-aided payload. Better results can thus be obtained if more

energy efficient lasers are developed.

For dimensioning the PAA and the OBFN in an end-to-end system, the main goal re-

mains the one referred above: reducing the mass and power consumption. To achieve

this target, the number of components must be unavoidably reduced. Such can be

possible first starting with array thinning [74]. However, array thinning also bring

consequences. For instance, the signal-to-noise ratio (SNR) decreases, and due to the

limited sidelobe suppression in the array factor, beam crosstalk becomes more promi-

nent. A trade-off between SNR, power consumption and beam crosstalk is therefore

obtained. These figures of merit are shown in Fig. 2.14. All figures of merit show

an increasing tendency when incrementing the number of AEs. With the maximum

number of AEs comes the highest SNR, however at the cost of a power consumption
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Figure 2.13: Power consumption of each device considered in the proposed payload. Total
power consumption is of 9.7 kW [38].

Table 2.2: Technology payloads comparison [32, 63, 93].

Payload technology Capacity Flexibility Power Mass∗ Launch costs

Current RF 90 Gb s−1 no 11 kW 1 t $30M
RF 1 Tb s−1 no 25 kW 2 t $60M

Digital 1 Tb s−1 not possible with the current technology
Photonic 1 Tb s−1 full 9.7 kW 1 t $30M

∗ of the payload.

beyond 10 kW. Such value is not acceptable for satellite applications, being the num-

ber of AEs limited to around 100, in accordance with [36]. Considering 100 AEs, the

estimated SNR is of 20 dB with a beam crosstalk of 21 dB. This means that the power

consumption can be decreased at the cost of lower SNR and stronger beam crosstalk.

For such SNR and beam crosstalk values, the power consumption is of 896 W, of which

466 W derives from the optical devices and the rest from the RF components. This

means that at this point, comparing with Fig. 2.13, the OAs are consuming 12% less

power, which is replaced by the TIAs consumption.

After dimensioning the photonic-aided payload, a tentative technology comparison

based on the scarce available information of communication satellites technology can be

made. The main target would be achieving a payload capacity of 1 Tb s−1, accordingly

with the demands for 2025 as shown in Fig. 1.3. Table 2.14 resumes this technology

comparison.

A first conclusion drawn from the table is that directly scaling the current RF pay-

loads of 90 Gb s−1 to 1 Tb s−1 is not feasible, since all the metrics would be doubled.

When looking to the digital technology, it would not be an option with today’s technol-

ogy, since such a payload would need a processor capable of processing 26 Tb s−1 [94].

This would increase the costs and complexity of the architecture. Through photonic

technology, 61 % less power consumption is achieved, with 50 % less mass and lower
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Figure 2.14: Signal-to-noise ratio (SNR), power consumption and beam crosstalk as a function
of the number of antenna elements (AEs). The error bar is given by the standard deviation
of 100 realizations concerning different variations of the thinned array [38].

launching cost, while providing a flexible coverage.

The description of the most important concepts in communication satellites were here

described. RF, digital and photonic-aided payloads were described, and their bene-

fits and drawbacks presented. The proposed photonic-aided payload for a PAA for

a communications satellite receiver was presented and dimensioned with the objec-

tive of quantifying the trade-off between performance, mass and power consumption.

The proposed receiver uses a single wavelength and resorts to heterodyne detection

to frequency-downconvert the retrieved beams, thus being as close as possible to the

original RF heterodyne receiver. Given that the optical wavelength is about 5000

times shorter than the RF wavelength, the OBFN can be miniaturized by such factor,

thus reducing mass. This shows that once photonics is introduced for mere routing

or frequency conversion of signals, adding a fully-flexible multi-beam OBFN produces

a negligible impact on power consumption. Furthermore, such flexibility obviates the

need for a beam switch interconnecting receiving and transmitting stages. From this

study, the photonic technology proves to be a breath of fresh air in the future develop-

ment of the new generation of communication satellites.
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CHAPTER 3

Self-coherent photonic-aided beamformer

The main motivation for photonic implementations of BFNs was, and still is, the

fact that RF phase shifters are bulky, lossy and increasingly challenging to produce at

high RF frequencies. Therefore, almost all of the research done in OBFNs has focused

on developing photonic phase shifters, able to surpass such limitations. As explained

in the following paragraph, the various photonic phase shifters can be divided in three

generations.

The first-generation photonic phase shifters consist of mere optical fibres with a

length tailored to provide the target RF phase-shift [95]. Discretely adjustable phase-

shifting was demonstrated by switching among optical fibres with different lengths [96].

The second-generation photonic phase shifters exploit linear and nonlinear properties of

photonic devices. Chromatic dispersion was the most exploited linear property [97–99].

Dispersive devices such as optical fibres and fibre Bragg gratings have a propagation

delay that depends on the wavelength of the input signal. Such a property was exploited

to produce continuously tunable photonic phase shifters in a single device. In terms

of nonlinear properties, slow light was profoundly exploited as it enables modulating

the refractive index of the medium with the input power [100–102]. Such an effect

was used to induce a tunable phase-shift between RF sidebands and optical carrier of

an RF signal modulated onto an optical carrier. These phase shifters were the first

not to resort to delay lines. The third-generation photonic phase shifters are based on

adjustable optical filtering. TODLs based on all-pass filters implemented in resonant

and non-resonant interferometers were respectively proposed in [42, 43, 103, 104] and

[52]. Both filters have a periodic frequency response, which is tuned to provide the

correct delay to at least one of the RF sidebands of the RF signal modulated onto

an optical carrier. The TODLs used in the present work are based on non-resonant

MZDIs. Its operation principle as well as its application to an OBFN are detailed in

[53]. Programmable filters based on liquid crystal on silicon (LCoS) matrices were also
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proposed both for providing a TODL and a phase-shift between the optical carrier and

a single RF sideband [105, 106].

While a plethora of phase shifters and TODLs were proposed with TODLs pro-

posed for achieving squint-free TTD beamforming [74], few of these were experimentally

demonstrated within an OBFN [43, 54, 96, 98, 107–109], especially within a receiving

stage [43, 107]. A receiving stage combines signals from the PAA to form one or multiple

beams. Signal combination can be performed coherently or incoherently. The latter

option typically multiplexes signals into a wavelength-division multiplexing (WDM)

signal, which is then directly detected [106, 109, 110]. Despite being a straightforward

approach, it supports a limited number of channels, it does not resort to coherent de-

tection, and consequently does not support heterodyne reception. Conversely, coherent

signal combination does not have such drawbacks. In fact, coherent signal combination

enables building an OBFN identical to a RF BFN, i.e., signals are coherently combined

without bandwidth limitations, RF frequency down-conversion is achieved by means

of heterodyne reception, and optical phase-shifting is equivalent to RF phase-shifting

[63, 111]. The latter advantage enables the use of the simplest and smallest photonic

phase shifter – the optical phase shifter. However, to the best of the authors’ knowl-

edge, an OBFN resorting to coherent signal combination was demonstrated only once

[43], without any active stabilization loop.

In this chapter, an OBFN for a PAA receiver which relies on MZDI-based TODLs

and on self-heterodyne coherent detection is presented. The TODLs have a simple

tuning mechanism which allows TTD beamforming. In addition to offering maximum

sensitivity, self-heterodyne coherent detection enables phase noise cancellation, pho-

tonic RF phase shifting and also photonic RF frequency downconversion. The latter

advantage is very important for relaxing the bandwidth of the electrical circuitry of

the receiver.

The analytical model of the proposed system is first described and theoretically

analysed, from modulation up to coherent detection. System impairments are also

covered as well the system power budget. In section 3.2 the numerical validation of

the system is shown. The system performance is assessed for a single and for multiple

AEs, where the worst-case performance limit for a PAA comprising a given number of

AEs is addressed.

3.1 Analytical model

The basic architecture and signals of the OBFN for processing a single AE signal are

depicted in Fig. 3.1. A continuous wave (CW) signal provided by a single laser source

is split by two paths. Signal modulation is performed in the upper path, whereas the

FSOLO is generated in the lower path.

In the upper path, the amplified RF signal generated by one of the AEs drives a

MZM biased at the minimum transmission point. The modulated optical signal is then

amplified by an optical amplifier, phase shifted by β, and delayed by the TODL. A
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phase shifter β is required to adjust the phase of each modulated optical signal, such

that in a system with multiple AEs all signals add up with the correct phase. The

TODL is a MZDI with a time delay of τ and with tunable coupling ratio. The power

coupling ratio between the arms of the MZDI can be tuned by the phase shifter φ,

whereas γ allows centering the frequency response of the TODL with the input optical

signal.

In the lower path, the input CW signal is modulated by an IQ modulator (IQM),

driven by a sinusoidal tone with a frequency fOLO, and biased in order to produce an

optical carrier suppressed single sideband (OCS-SSB) output signal. Hence, the output

optical signal is a frequency-shifted version of the input CW signal, which serves as

a FSOLO. The modulated optical signal is combined with the amplified FSOLO and

coherently detected using a BPD. Since the OLO is a frequency-shifted version of the

input CW laser signal, coherent detection is in fact self-heterodyne detection. In the

following lines, an analytical model of this system is derived.
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Figure 3.1: (a) Basic architecture of the proposed photonic beamforming system for a PAA
comprising a single AE. (b) Depiction of the optical spectra at different points of the system.

3.1.1 Modulation

The input laser signal is given by

Ein(t) =
√
Pin exp

(
j(ω0t+ φPN(t))

)
, (3.1)

where Pin is the laser power, ω0 is the angular frequency, and φPN(t) represents the

laser phase noise. The modulated optical signal is given by

E(t) = Ein(t) · 1

2
√

2

[
exp

(
j
π

Vπ
(v1(t) + VB1)

)
+ kER exp

(
j
π

Vπ
(v2(t) + VB2)

)]
, (3.2)
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where Vπ is the half-wave voltage of the MZM, v1(t) is the alternating current (AC)

coupled electrical signal fed to the upper electrode of the modulator, VB1 is the bias

voltage of the upper electrode, and v2(t) and VB2 are the corresponding parameters of

the lower electrode. The constant kER, in which 0 < kER ≤ 1, models the extinction

ratio (ER) of the MZM such that

ER[dB] = 20 log10

(
1 + kER

1− kER

)
. (3.3)

Considering that the MZM is operating in push-pull mode, one has v1(t) = −v2(t) =

v(t), and also VB1 = −VB2 = VB. In order to produce amplitude modulation, VB should

be set to −Vπ
π
· π

2
, leading to

E(t) = Ein(t) · 1

2
√

2

[
(1 + kER) sin

(
π

Vπ
v(t)

)
− j(1− kER) cos

(
π

Vπ
v(t)

)]
, (3.4)

where v(t) is the input RF signal, which be modeled as

v(t) = a(t) sin
(
ωRFt+ θ(t)

)
, (3.5)

where a(t) and θ(t) are the amplitude and phase variation of the input RF signal,

respectively. For a matter of simplicity, let us consider infinite ER, i.e., kER = 1, and a

RF signal with reduced amplitude, such that the MZM operates in its linear domain.

Equation 3.4 can be simplified to

E(t) = Ein(t) · 1√
2

π

Vπ
v(t). (3.6)

3.1.2 Tunable optical delay line

After being phase shifted by β, the modulated optical signal is delayed by the TODL.

The TODL output signals are given by

[
EMZDI(f)

M(f)

]
=

1

2
√

2

[
1 j

j 1

] [
ejτ(f) 0

0 ejγ

]

[
1 j

j 1

] [
ejφ 0

0 1

] [
1 j

j 1

]
·
[
E(f)ejβ

0

]
,

(3.7)

resulting in


 EMZDI(f)

M(f)


 =

1

2
√

2


 ejτ(f)(ejφ − 1)− ejγ(ejφ + 1)

jejτ(f)(ejφ − 1) + jejγ(ejφ + 1)


 · E(f)ejβ, (3.8)
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where EMZDI(f) is the delayed output optical signal, M(f) is the second output optical

signal, which can be used for operation monitoring, τ(f) is the transfer function of the

optical delay line and E(f)ejβ is the input optical signal. Without loss of generality, the

amplitude and group delay responses of the TODL can be derived by setting γ = π/2,

as the variation of γ only results in a displacement of the frequency response along the

frequency. Such responses are given by

‖H(f)‖2 =
1

2

(
sin(φ) cos(2πfτ) + 1

)
, (3.9)

τg(f) =
τ

2

(
sin(φ) cos(2πfτ)− cos(φ) + 1

sin(φ) cos(2πfτ) + 1

)
. (3.10)

Figure 3.2 shows the amplitude and group delay responses for different values of

φ. Both responses have a periodical behavior with a period of 1/τ . The amplitude

response is identical for supplementary values of φ, whereas the group delay response

increases with φ, proving that the delay imposed by the MZDI depends on the power

coupling ratio between the arms of the MZDI.
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60o,120o

45o,135o
15o,165o
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180o
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Figure 3.2: Mach-Zehnder delay interferometer (a) amplitude and (b) group delay responses
for different values of φ for a γ = 3π/2.

As depicted in inset C of Fig. 3.1, the modulated optical signal has two sidebands,

one of which is heterodyne-detected. Without loss of generality, it is assumed that

such sideband is the one at the highest frequency. In order to have the MZDI correctly

operating as a TODL, one must center such sideband at a maximum of the amplitude

response, i.e., fRF · τ = n, where n is an integer. If such is the case, the delayed optical

signal can be approximated by

EMZDI(t) = α(φ) · E
(
t− τg(φ)

)
, (3.11)

where α(φ) is the attenuation imposed by the MZDI and τg(φ) is the configured delay.

These functions can be derived from Eq. 3.9 and Eq. 3.10, by setting f · τ = n, where
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3. Self-coherent photonic-aided beamformer

n is an integer. Such functions are shown in Fig. 3.3. For a matter of simplicity, the

TODL is considered to be ideal in the following analytical derivations. The impact

of its nonideal frequency response on the photonic beamforming system is numerically

assessed in the next section.

Figure 3.3: Attenuation and group delay response of the TODL as a function of φ.

3.1.3 Frequency-shifted optical local oscillator

As observed in Fig. 3.1(a), the input laser signal is modulated by a dual-parallel

Mach-Zehnder modulator (DP-MZM), which can be modeled as

EOLO(t) =
1

2
√

2
Ein(t) ·

[
cos

(
π

Vπ,up

(
vup(t) + VB,up

))

+ exp

(
j

π

Vπ,PS

VB,PS

)
cos

(
π

Vπ,low

(
vlow(t) + VB,low

))]
,

(3.12)

where Vπ,up, vup(t) and VB,up are the half-wave voltage, RF input signal and bias voltage

of the upper MZM, respectively, and Vπ,low, vlow(t) and VB,low are the same variables

of the lower MZM. Vπ,PS and VB,PS are the half-wave voltage and bias voltage of the

optical phase shifter. Considering VB,up = VB,low = −Vπ
π
· π

2
, π
Vπ,PS

VB,PS = π
2
, Vπ,up =

Vπ,low = Vπ,IQ , and assuming reduced a modulation index, Eq. 3.12 results in

EOLO(t) =
1

2
√

2

π

Vπ,IQ
Ein(t) ·

(
vup(t) + jvlow(t)

)
, (3.13)

which represents the typical response of an IQM. In order to frequency-shift the input

optical signal by ωOLO, the RF input signals should be given by vup(t) = AIQ cos(ωOLOt)

and vlow(t) = AIQ sin(ωOLOt), where 0 ≤ AIQ ≤ Vπ/2. This results in

EOLO(t) =
1

2
√

2

π

Vπ,IQ
Ein(t) · AIQe

(jωOLOt). (3.14)

3.1.4 Coherent detection

The optical signals at the input of the BPD are given by
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3.1. Analytical model


 EBPD,1(t)

EBPD,2(t)


 =

1√
2


 1 j

j 1




 Gsig · EMZDI(t)

GOLO · EOLO(t)


 (3.15)

where Gsig and GOLO represent the combination of amplification and losses given to

the optical signal and to the OLO, respectively. The current produced by the BPD is

given by

I(t) = I1(t)− I2(t)

=
R

2

(
|GsigEMZDI(t) + jGOLOEOLO(t)|2

−|jGsigEMZDI(t) +GOLOEOLO(t)|2
)
,

(3.16)

where R is the responsivity of the photodiodes. The simplification of Eq. 3.16 results

in

I(t) = −1

2
RGsigGOLO

π2

VπVπ,IQ
AIQv(t) · ={E∗in(t)e−jβEin(t)ejωIFt}

= −1

2
RGsigGOLOPin

π2

VπVπ,IQ
AIQv(t) · sin(ωOLOt− β),

(3.17)

where ={x} is the imaginary part of x. Equation 3.17 shows that there is laser phase

noise cancelation, as E∗in(t)Ein(t) = Pin. Using Eq. 3.5 in Eq. 3.17 and also trigono-

metric identities, the photocurrent becomes

I(t) =− 1

4
RGsigGOLOPin

π2

VπVπ,IQ
AIQa(t)

·
[

cos
(

(ωRF − ωOLO)t+ θ(t) + β
)
− cos

(
(ωRF + ωLO)t+ θ(t)− β

)]
.

(3.18)

The undesired tone at the highest frequency of ωRF + ωLO can be filtered out through

low-pass filtering, leading to

I(t) = −1

4
RGsigGOLOPin

π2

VπVπ,IQ
AIQa(t) ·

[
cos
(

(ωRF + ωOLO)t+ θ(t) + β
)]
. (3.19)

Equation 3.19 shows that the original RF signal is frequency converted from ωRF down

to ωRF − ωOLO. It also shows that the optical phase shifting of β is translated into an

identical RF phase shifting due to the rejection of the received highest frequency tone.

3.1.5 Impairments

The model derived above assumes an ideal behavior of all devices. In practice, the

impairments caused by them need to be taken into account in order to determine the
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3. Self-coherent photonic-aided beamformer

robustness of the system. In this section, the impact of the most relevant impairments

is assessed. Starting with modulation, let us first address harmonic generation.

Harmonic distortion in data modulation

Let us now consider Eq. 3.3 but with an infinite ER, i.e.,

E(t) = Ein(t) · 1√
2

sin

(
π

Vπ
v(t)

)
. (3.20)

Applying the Jacobi-Anger expansion to the RF signal Eq. 3.5, Eq. 3.4 becomes

E(t) = Ein(t) ·
√

2
∞∑

n=1

J2n−1

(
π

Vπ
a(t)

)
· sin

(
(2n− 1)

(
ωRFt+ θ(t)

))
, (3.21)

where Jn(z) is the Bessel function of first kind of order n. Equation 3.21 shows that,

besides the desired tone at ωRF, undesired harmonics at (2n−1)ωRF are also produced.

Using a similar analysis, it can be shown that the generation of the FSOLO also

produces multiple tones, located at (2n − 1)ωOLO. Consequently, coherent detection

produces tones at (2n1−1)ωRF±(2n2−1)ωOLO, n1, n2 = 1, 2, . . .. In order to avoid that

undesired tones fall at ±(ωRF−ωOLO), thereby enabling to reject them using band-pass

filtering, one must have

(2n1 − 1)ωRF ± (2n2 − 1)ωOLO 6= ±(ωRF − ωOLO), (3.22)

for all values of n1 and n2 except for n1 = n2 = 1. For instance, this rules out

ωOLO = ωRF

2
.

Limited extinction ratio of the data modulator

Realistic modulators have a finite, non-negligible ER, which must be considered.

Considering Eq. 3.4 and a RF signal Eq. 3.5, the modulated optical signal is given by

E(t) = Ein(t) · 1

2
√

2

[
(1 + kER)

∞∑

n=1

J2n−1

(
π

Vπ
a(t)

)
· sin

(
(2n− 1)

(
ωRFt+ θ(t)

))

−j(1− kER)

(
J0

(
π

Vπ
a(t)

)
+ 2

∞∑

n=1

J2n

(
π

Vπ
a(t)

)
· cos

(
2n
(
ωRFt+ θ(t)

))
)]

.

(3.23)

Considering a RF signal with a reduced amplitude, the modulated optical signal is

given by
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3.1. Analytical model

E(t) = Ein(t) · 1

2
√

2

[
(1 + kER)J1

(
π

Vπ
a(t)

)
· sin

(
(ωRFt+ θ(t)

)

−j(1− kER)J0

(
π

Vπ
a(t)

)]

≈ Ein(t) · 1

2
√

2

[
(1 + kER)

π

Vπ
a(t) · sin

(
ωRFt+ θ(t)

)
− j(1− kER)

]
.

(3.24)

Besides the expected tones at ωo ± ωRF, the modulated optical signal now also has a

residual tone at ωo. By considering Eq. 3.24 in Eq. 3.16, one can derive the output

current as

I(t) = − 2RGsigGOLO=
{
E∗in(t) · 1

2
√

2
e−jβ

[
(1 + kER)

π

Vπ
a(t)·

sin
(
ωRFt+ θ(t)

)
− j(1− kER)

]
· 1

2
√

2

π

Vπ,IQ
Ein(t) · AIQe

jωOLOt

}

= −1

4
RGsigGOLOPin

π

Vπ,IQ

AIQ ·
[
(1 + kER)

π

Vπ
a(t) · sin(ωRFt+ θ(t))

sin
(
ωOLOt− β

)
+ (1− kER) sin

(
ωOLOt− β −

π

2

)]
.

(3.25)

Through trigonometric identities, Eq. 3.25 results in

I(t) = − 1

4
RGsigGOLOPin

π

Vπ,IQ

AIQ ·
[

1 + kER

2

π

Vπ
a(t) ·

(
cos
(
(ωRF − ωOLO)t+ θ(t) + β

)

− cos
(
(ωRF + ωOLO

)
t+ θ(t)− β)

)
+ (1− kER) sin(ωOLOt− β −

π

2
)

]
.

(3.26)

Equation 3.26 shows that besides the desired tone at ωRF − ωOLO and the undesired

tone at ωRF + ωOLO, there is now another undesired tone at ωOLO. In order to avoid

such that tone falls at ωRF + ωOLO, one must have

ωRF − ωOLO 6= ωOLO, (3.27)

which, once again, rules out ωOLO = ωRF

2
. An identical analysis can be performed for

the IQM, in which a finite ER results in the OLO having a residual tone also at ωo.

After coherent detection, besides the tones at ωRF±ωOLO and at ωOLO, there is another

very weak undesired tone at direct current (DC). Such tone can be easily filtered out

using bandpass filtering.
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3. Self-coherent photonic-aided beamformer

Drift of the modulator bias voltage

Besides harmonic generation and finite ER, one must also consider the unavoidable

drifting of the bias voltage of a modulator, which cannot be neglected even when it is

kept under control. Small but realistic drifts can be straightforwardly modeled in Eq.

3.6 as

E(t) = Ein(t) · 1√
2

π

Vπ

(
v(t) + ∆VB

)
, (3.28)

where ∆VB is the deviation of the bias voltage of the MZM from the ideal value. This

term, after coherent detection, produces an undesired tone at ωOLO, similarly to the

one produced due to the MZM having a finite ER. The same analysis is valid for drifts

in bias voltages of the IQM. Therefore, by carefully choosing ωOLO in compliance with

Eq. 3.22 and Eq. 3.27, third-order harmonic generation, finite ER of the modulators,

and drifting of the bias voltages of modulators do not impair the output signal, as the

resulting spurious tones can be rejected by bandpass filtering.

Limited sideband suppression of the OLO

In order to achieve ideal frequency shifting of the input laser signal using a DP-

MZM, it is required that all electrical and optical signals are perfectly balanced, which

is unrealistic. In practice, even though most power is located at the desired tone

ωo + ωOLO, there is a residual tone at ωo − ωOLO that cannot be fully suppressed. The

presence of the residual tone at ωo− ωOLO can be modeled by generalizing Eq. 3.17 to

EOLO(t) =
1

2
√

2
Ein · AIQ

(
kSBRe

(jωOLOt) + (1− kSBR)e(−jωOLOt)
)
, (3.29)

and the current to

I(t) = − 1

2
RGsigGOLOPin

π2

VπVπ,IQ

AIQv(t)

· =e−jβ ·
(
kSBRe

jωOLOt + (1− kSBR)ejωOLOt
)
,

(3.30)

where kSBR is related with the ratio between the amplitudes of the upper and lower

sidebands, 0 ≤ kSBR ≤ 1, and ideally kSBR = 1. Simplifying Eq. 3.30 one gets

I(t) = − 1

2
RGsigGOLOPin

π2

VπVπ,IQ

AIQv(t)

·
(
kSBR sin(ωOLOt− β) + (1− kSBR) sin(−ωOLOt− β)

)
.

(3.31)

After coherent detection and low-pass filtering, the output current is given by
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3.1. Analytical model

I(t) = − 1

4
RGsigGOLOPin

π2

VπVπ,IQ

AIQa(t)·
(
kSBR cos

(
(ωRF − ωOLO)t+ θ(t) + β

)
−

(1− kSBR) cos
(
(ωRF − ωOLO)t+ θ(t)− β

))
.

(3.32)

Equation 3.32 shows that the residual tone of the OLO directly impacts the output

signal, as it promotes fading whose relevance depends on kSBR and β. The worst case

occurs for kSBR = 0.5, as

I(t) =
1

4
RGsigGOLOPin

π2

VπVπ,IQ

AIQa(t) ·
(

sin(ωRF − ωOLO)t+ θ(t)
)

sin(β). (3.33)

In this case, instead of translating into RF phase shifting, optical phase shifting only

produces pure fading.

Imbalance of the balanced photodiode

Concerning coherent detection, the most relevant impairment of the BPD is the

imbalance between its photodiodes. This can be modeled in Eq. 3.16 as

I(t) = I1(t)− bBPDI2(t)

=
R

2

(
|GsigEMZDI(t) + jGOLOEOLO(t)|2 − bBPD|jGsigEMZDI(t) +GOLOEOLO(t)|2

)
,

(3.34)

where bBPD models the imbalance of the photodiodes, and ideally bBPD = 1. Using a

single-ended detector instead of a BPD can be modeled simply by considering bBPD = 0.

Solving Eq. 3.34 results in

I(t) =
R

2

[(
G2

sig|EMZDI(t)|2 − 2G2
sigGOLO={E∗MZDI(t)EOLO(t)}

)

− bBPD

(
G2

sig|EMZDI(t)|2 + 2G2
sigGOLO={E∗MZDI(t)EOLO(t)}

)]

=
R

2

(
(1− bBPD)G2

sig|EMZDI(t)|2 + (1− bBPD)|EOLO(t)|2
)
−

(1 + bBPD)2RGsigGOLO={E∗MZDI(t)EOLO(t)}.

(3.35)

The first term introduces undesired tones at DC and 2ωRF. The second term only

produces a tone at DC, whereas the third term represents the tones at ωRF ± ωOLO.

Consequently, in order to suppress the first and second terms one must have ωRF −
ωOLO 6= 0.
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3. Self-coherent photonic-aided beamformer

Non-ideal phase noise cancellation

Self-heterodyne detection has the advantage of enabling phase noise cancellation,

as observed in Eq. 3.17. However, in the derivation of Eq. 3.17 is assumed that the

TODL does not delay the modulated optical signal. However, the modulated optical

signal is delayed by τg(φ), 0 ≤ τg(φ) ≤ τ , and therefore

E∗in
(
t− τg(φ)

)
Ein(t) = Pine

[
j
(
ωoτg(φ)+φPN(t)−φPN(t−τg(φ))

)]
. (3.36)

The first term results in a constant phase shift, and can be easily accounted for by

adjusting the optical phase shift β. The second and third terms show that ideal

phase noise cancellation is not achieved, as in practice φPN(t) − φPN (t− τg(φ)) 6=
0. Consequently, the worst-case scenario corresponds to having the highest possible

delay, i.e., τg(φ) = τ . Instead of resorting to a complex statistical assessment of

φPN(t) − φPN

(
t − τg(φ)

)
, a simple insight can be obtained using the concept of laser

coherence time. The coherence time is the time during which the laser signal may be

considered coherent, and is given by

τCT =
1

∆v
, (3.37)

where ∆v is the linewidth of the laser source. Therefore, it can be assumed that

φPN(t)− φPN

(
t− τg(φ)

)
≈ 0, as long as τg(φ) < τCT. For realistic lasers, the linewidth

can be safely assumed to be lower than 10 MHz, leading to a coherence time of 100 ns.

As it will be shown in section 3.2, such value is much higher than typical values of τ .

3.1.6 Power budget

In order to calculate the power budget of the proposed OBFN, let us first consider

Fig. 3.4, which presents a trivial extension of the basic architecture shown in Fig. 3.1

from one to N AEs, again considering a single laser source. Using a single laser source

has the advantage that a single OLO and coherent detector are needed for multiple

AEs. The disadvantage is that the power of the laser source must be shared among

all AEs. Therefore, for a large number of AEs, one should consider more laser sources,

for example by using multiple inputs in the OBFN such as the one of Fig. 3.4, and

combining their outputs either by electrical or digital means. The laser signal is split

by a 1 : 2 splitter, in which the upper output is in turn split by N paths, once per AE,

and the lower output is used for OLO generation. The output signal of the nth MZM

is given by the generalization of Eq. 3.6 to

En(t) = Ein(t) ·
√
k1k2

π

Vπ
vn(t), (3.38)

where k1 and k2 are the splitting ratios of the 1 : 2 and 1 : N splitters. Concerning the

generation of the OLO, Eq. 3.14 becomes
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EOLO(t) =
√

1− k1
1

2

π

Vπ,IQ
Ein(t) · AIQe

(jωOLOt). (3.39)

Since the final purpose of the OBFN is to constructively combine the contribu-

tions from all AEs, for a matter of simplicity let us assume ideal TODLs such that

EMZDI,n(t) = En(t) = E(t). The low-pass filtered output current amplitude is given by

the generalization of Eq. 3.19 to

I = −NR

4
GsigGOLOPin

√
k1(1− k1)k2k3

π2

VπVπ,IQ
AIQAsig. (3.40)

where k3 is the coupling ratio of the N : 1 combiner. As k2 = k3 = 2−
| log2 N|

2 , for

| log2N | = log2N , Eq. 3.40 becomes

I = −R
4
GsigGOLOPin

√
k1(1− k1)

π2

VπVπ,IQ
AIQAsig. (3.41)

The average output electrical power is given by

Pavg =
1

2
I2 ·RΩ

=
R2

8
k1(1− k1)G2

sigG
2
OLOR

3
Ω

(
π2

VπVπIQ

)2

· P 2
inPIQPsig,

(3.42)

where RΩ is the output load, PIQ is the electrical power fed to the IQM, and Psig is the

electrical power fed to each MZM. Therefore, the power budget of the system is given

by

Pout

P 2
inPIQPsig

=
R2

8
k1(1− k1)G2

sigG
2
OLOR

3
Ω

(
π2

VπVπIQ

)2

. (3.43)
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Figure 3.4: Proposed beamforming system for N AEs.
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This result shows that for a fixed set of input powers the output power is constant and

independent of the number of AEs. It also shows that the best strategy to increase the

output power is increasing the gain of the optical amplifiers associated with Gsig and

GOLO, and also increasing Pin.

3.1.7 Crosstalk among paths

Optical crosstalk is one of the key performance considerations in an optical network.

Crosstalk occurs whenever one channel interferers on another, linearly or non-linearly

[112].

Several potential sources of crosstalk can be found in an OBFN. For instance, RF

crosstalk between input RF signals in the MZM arrays. A particular concern in this

work is the in-band crosstalk that is observed when using a 7-core MC-EDFA. In the

7-core MC-EDFA, cores are embedded in a common glass cladding and very close to

each other, favoring inter-core crosstalk. Before proceeding, it should be noted that an

OBFN cannot mitigate crosstalk; only a complete MIMO processor would be able to

do so.
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TODL1
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β1
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1 2

3 7 4

5 6
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Figure 3.5: Scheme of an OBFN for 4 AEs that includes a 7-core multi-core Erbium doped
fiber amplifier.

Let us consider Fig. 3.5. The modulated optical signals are fed to a 7-core MC-

EDFA, in which one core amplifies one signal. Let us consider the output signal, Eout,

modeled as

Eout,k(t) = Ein,k(t) ·G+
M∑

a=1,a6=k

Ein,a(t− τi) ·XTa ·G, (3.44)

where k corresponds to the core number, Ein to the input signal at each core, G to the

optical gain, which is considered identical for all cores, M to number of cores, τi to the
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path delay of each channel, and XTa to the crosstalk that channel a is exposed to. The

crosstalk that is added to the signal of the core k is then modeled as

XTa =

{
AXT · ejφ, if core k is adjancent to core a,

BXT · ejφ, if core k is not adjacent to core a,
(3.45)

with |XTa| < 1 and φ as the random phase intrinsic to each signal.

This simplified model allows to analyse the behaviour of the crosstalk imposed by

the MC-EDFA.

3.2 Numerical assessment

The performance of the proposed OBFN depends on a large number of parameters.

As a result, a performance assessment can only be done via simulation. Hence, a

numerical system simulation model was developed for an arbitrary number of AEs.

The simulation scenario is based on [33], in which the PAA receiver of a satellite

receives multiple return user beams within a frequency range of 27.5 GHz to 30 GHz

and with a maximum spectral bandwidth of 1 GHz.

An ideal CW laser with an average output power of 100 mW was generated. A

1 GBd QPSK data signal pulse-shaped by a root-raised cosine (RRC) filter with a roll-

off factor of βRRC = 0.5 was generated with length of 29 symbols. The data signal was

modulated onto an ideal carrier with a frequency of fRF = 30 GHz. N copies of such

RF signal were produced, individually delayed, and fed to the N MZMs. A modulation

index of 25% relatively to Vπ was considered. The delay given to each copy was defined

according to the following PAA specifications. The steering range of the PAA was

limited to | θ |≤ 30o, and the distance between adjacent AEs was of d = 0.85λ, where

λ is the wavelength of the input radio signal. The time interval between the radio

signals received by two adjacent AEs is given by δ = d sin(θ/c), where c is the speed

of light. Hence, δ varies between ±δmax, where ±δmax = 14.17 ps, and thus the copy of

the RF signal fed to the nth AE is delayed by (n− 1)δ, where n = 1, . . . , N .

Regarding the value of τ , as only one of the sidebands is detected, there is only

the need to center one of them at a maximum of the TODL’s amplitude response.

Therefore, the minimum required value of τ only depends on δmax and on N , and is

given by

τ = δmax · (N − 1). (3.46)

Thus τ = 50 ps. This value was kept unchanged throughout all designs.

The phase shifters β1, ..., βN , were adjusted such that all delayed optical signals

were constructively added, thereby maximizing the output electrical power. The phase

shifters of the TODL γ1, ..., γN were set by default to an ideal value, enabling a perfect

alignment of the input optical signals with the frequency response of the MZDIs.

Concerning the generation of the OLO, the IQM was fed with a purely sinusoidal
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3. Self-coherent photonic-aided beamformer

signal with fOLO = 20 GHz with a modulation depth of 25%. All optical amplifiers were

set with a unitary gain. The responsivity of the BPD was of 1 A/W. The detected

signal was match-filtered by a RRC filter. The filtered signal was finally demodulated

by a typical QPSK demodulator, however without any carrier phase recovery technique

nor algorithm.
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Figure 3.6: (a) Laser output data signal for one AE at Fig. 3.1(a), with an inset of the
carrier at fRF = 30 GHz; (b) the modulated optical signal after the MZM, with an inset of
the output optical signal after the TODL set with a delay of τ = 50 ps; (c) optical signal
after the last coupler already combined with the OLO, with an inset of the optical signal; (d)
electrical downconverted signal after the PIN PD, with an inset of the downconverted carrier
fRF.

Analysing Fig. 3.6 (b) and its inset, the signal output by the MZM remains as same

to the one at the output of the TODL. This means that even after applying a delay

τ = 50 ps, the signal in the TODL remains undistorted.

Other than laser phase noise, no noise was considered at any point of the system,

meaning that signal degradation only stemmed from phase noise, third-order intermod-

ulation distortion (IMD3), and non-ideal frequency response of the TODLs. The EVM

[113] was the only figure of merit used, as for slightly distorted signals the bit error rate

is consistently zero. Finally, the power budget can be assessed simply by comparing

input and output powers. The effect of inter-core crosstalk is assessed exclusively in

section 3.2.5.
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3.2. Numerical assessment

3.2.1 Laser phase noise

As observed in Eq. 3.36, in practice, laser phase noise is not ideally cancelled, and

therefore its impact should be assessed. A system with a single AE was considered.

In order to consider the worst-case scenario, the TODL was set to its maximum delay,

i.e., τg(φ) = τ , meaning that degradation was caused only by non-ideal phase noise

cancellation.

As shown in Fig. 3.7 the EVM increases both with ∆ν and τ . As expected, for τ = 0

the EVM is at its lowest, independently of the linewidth, as phase noise cancellation is

ideal. Assuming that the FSOLO is delayed on purpose by τ/2, the maximum absolute

delay between the FSOLO and any delayed optical signal is of τ/2, instead of τ . This

means that, in practice, the degradation quantified in Fig. 3.7 can be achieved for a

value of τ that is twice as indicated. As an example, let us consider a realistic linewidth

of 1 MHz. For such a value, the EVM estimated for an indicated time delay of τ = 6TRF

is twice the minimum EVM. Given the considered maximum value of δmax = 14.17 ps,

the maximum number of AEs supported by such value is of (N − 1)δmax = 2τ , which

yields N = 29 AEs.

3.2.2 Intermodulation distortion

In order to quantify the impact of modulation-imposed distortion, the IMD3 was

characterized. Without loss of generality, a system with a single AE was once again

considered. The MZM was modulated by two purely sinusoidal signals with frequencies

of 30 and 30.05 GHz. Different modulation indexes were applied to the IQM. The results

are shown in Fig. 3.8(a) and Fig. 3.8(b). In order to avoid overdrive, the maximum

modulation index was of 50%.

The input third-order intercept point (IIP3), was measured at 43.7 dBm, regardless

of the modulation index of the IQM. As discussed in the previous chapter, the non-ideal

generation of the OLO only produces undesired tones in the output electrical signal,

which can be filtered out after bandpass filtering. Hence, the generation of the OLO

does not impact the IMD3 of the system. The measured output third-order intercept

point (OIP3) is shown in Fig. 3.8. Increasing the modulation index of the IQM from

10% to 50% results in an increase of the OIP3 of 12 dB.

Figure 3.7: Degradation imposed by laser phase noise for different values of τ in a system
comprising a single AE.
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Figure 3.8: (a) Electrical output power vs. electrical input power for different modulation
depths applied to the IQ modulator (IQM). The electrical input and output refers to the
power of a single sinusoidal signal. (b) output third-order intercept point (OIP3) and input
third-order intercept point (IIP3) for different modulation indexes of the IQM.

3.2.3 Performance assessment for a single antenna element

The TODL has an ideal behavior only when configured for zero or maximum delay.

For any other configuration, the degradation imposed to the input optical signal de-

pends on τ , φ and γ. In order to quantify the degradation imposed by τ and φ, in a

first stage γ was fixed at an ideal value. As shown in Fig. 3.9(a), the EVM increases

with τ , and the worst-case value of φ tends to φ1 as τ increases. Such angle corresponds

to having the lowest bandwidth in the amplitude response of the MZDI, however with

an ideally flat group delay response. This means that degradation stems mainly from

narrowband filtering, and not from group delay distortion.

The spectral width of the signal is defined by the symbol rate and by the roll-off

factor of the RRC filter. Since the symbol rate is fixed to 1 GBd, it is important to

quantify the impact of the roll-off factor in the degradation caused by the TODL nar-

rowband filtering. Figure 3.9(b) shows that for low values of τ a higher roll-off factor

enables a lower degradation. This is due to the fact that signals with a larger spectral

width have better performance when narrowband filtering is negligible. However, for

higher values of τ , narrowband filtering becomes dominant. Hence, lower roll-off fac-

tors, which result in a signal with lower spectral width, offer better robustness against

narrowband filtering.

Having quantified the impact of φ and τ for an ideal γ, it is important also evaluating

the degradation imposed from having the MZDI decentered from the input optical

signal, i.e., having a deviation of γ from the correct value. The results are shown in

Fig. 3.10. As increasing values of τ decrease the bandwidth of the MZDI the tolerance

to a deviation of γ decreases with τ .

These results show that the performance of the TODL degrades both with an in-
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3.2. Numerical assessment

(a) (b)

Figure 3.9: (a) EVM (%) as a function of the maximum time delay of the TODL, τ , and the
phase shift, φ, responsible for tuning the time delay between 0 (0o) and τ (180o), for a system
comprising a single AE. The dots represent the angles φ which result in the highest EVM for
the corresponding values of τ . (b) EVM as a function of τ for a system comprising a single
AE and φ = 90o . Different roll-off factors of the pulse-shaping filter are considered. The
insets correspond to the constellation diagrams obtained for τ = 1.5 · TRF and τ = 10 · TRF ,
for βRRC = 0.5.

/

Figure 3.10: EVM(%) as a function of the detuning between the frequency response of the
TODL and the input optical signal, ∆γ, and τ , for a system comprising a single AE at
φ = 90o.

crease of the spectral width of the input signal, and with an increase of τ . As defined in

Eq. 3.46, τ increases with the number of AEs, and therefore it is important quantifying

the performance degradation of the system for multiple AEs.

3.2.4 Performance assessment for multiple antenna elements

The performance of the system comprising multiple AEs and experiencing a time

interval between the radio signals received by two adjacent AEs between 0 and δmax is

assessed in this section. For each set of parameters 100 realizations were run, leading

to a final accurate averaged EVM. The attenuation imposed by each TODL to its input

optical signal, α(φ), was compensated in order to obtain the same power for all delayed
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3. Self-coherent photonic-aided beamformer

optical signals. Further simulations without such compensation were also performed,

resulting in identical EVMs. This means that the optical amplifiers of the system may

have a constant gain without affecting the performance of the system.

Figure 3.11(a) shows that the EVM increases with δ and with the number of AEs.

For δ = 0 all MZDIs have φ = 0. Hence, the delayed optical signals are not impaired by

the TODLs, and consequently the output optical signal has the lowest EVM. However,

as δ increases, so does the delay added by each consecutive TODL, given by

τn = δ · (n− 1), (3.47)

where n = 1, . . . , N . The bandwidth of the amplitude response of the nth MZDI

depends on τn, reaching a minimum for τn = τ/2. Consequently, the delayed optical

signals are subject to narrowband filtering whose bandwidth depends on τn. The

output optical signal is the addition of delayed optical signals with different levels

of distortion. Hence, the distortion observed in the output optical signal is the average

of the distortions observed in the N delayed optical signals. The strongest distortion is

observed when the average value of τn is closest to its worst-case value of τ/2. This is

generally the case when δ = δmax, as in this case τn varies from 0 up to τ . Figure 3.11(b)

shows the variation of the EVM as a function of the number of AEs. The dashed line

corresponds to the worst performance obtained in a system comprising a single AE

with φ = 90o and with a value of τ given by Eq. 3.46. Such performance is consistently

slightly worse than the one of a system comprising multiple AEs and having the same

value of τ . Consequently, in order to estimate the worst-case performance of a complete

system comprising multiple AEs, one can simply consider a system with a single AE,

with φ = 90o, and with the same value of τ . The insets of Fig. 3.11(b) show that

the proposed OBFN does not introduce severe distortion, even for as many as 32 AEs.

Consequently, the proposed system is suitable for a unidimensional PAA with 32 AEs,

or alternatively, for a bidimensional PAA with 22× 22 AEs.

3.2.5 Performance assessment with a multi-core EDFA

The integration of a 7-core MC-EDFA for amplifying the modulated optical signal

produced observable inter-core crosstalk. Hence, a simplified numerical assessment

that provides an idea of how the system behaves in the presence of such device is

necessary. The 7-core MC-EDFA was modeled in order to obtain a gain of G = 20 dB,

an AXT and BXT factor of 0.25 and 0.05 (Eq. 3.45), respectively. These values were not

derived from experiments nor simulations; these are merely indicative. The phase of

each signal, φ, was randomly generated and constant over each simulation. The cores

chosen for amplifying the signals were cores 1, 5, 2 and 6, as pairs (1,5) and (2,6) are

as far as possible from one another (see Fig. 3.5).

Figure 3.12 shows the crosstalk effect inflicted in the signals of cores 1, 2 and 3. Fig-

ure 3.12(a) is representative of an ideal system in which all path lengths are equalized,

resulting in an EVM of 1.3%. Core 3 has lower power comparing to the input signal,
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Figure 3.11: (a) EVM (%) as a function of the number of AEs and of the normalized time
interval between the radio signals received by two adjacent AEs, δ/δmax. (b) Variation and
mean value of the EVM as function of the number of AEs. Insets: worst-case constellation
diagrams for 16 and 32 AEs, respectively.

(a) (b) (c) (d) (e)

Figure 3.12: Path length mismatch relatively to core 1: a) [0 0 0 0 0 0 0] cm; b) [0 1 1 1 1 1
1] cm; c) [0 1 0 0 0 0 0] cm; d) [0 1 0 0 0 0 0] cm; e) [0 5 0 0 0 0 0] cm.

as it is destructively afflicted by the crosstalk from the other cores. In Fig. 3.12(b) all

cores are delayed ∼ 49 ps (1 cm) with respect to core 1, which gives an EVM of 9.7%.

Figure 3.12(c) and Fig. 3.12(d) shows core 2 with a 1 cm length mismatch in respect

to the others, and an EVM of 12% to 23%, respectively. At last, for Fig. 3.12(e), the

path length of core 2 is delayed by ∼ 250 ps (5 cm). The result shows clear degradation

of the signal when increasing the path length mismatch from each core, reflected in an

EVM of 38.5%. All examples, show that the crosstalk degrades the signal in a noise-like

way, such that degradation worsens with increasing length mismatch among lengths
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3. Self-coherent photonic-aided beamformer

In this chapter the TTD beamformer for a PAA receiver proposed in [53] was pre-

sented. The beamformer consists of a set of TODLs based on MZDIs and on self-

heterodyne coherent detection. The MZDIs allows to be tuned from 0 to τ by defining

the power ratio between the arms of the MZDI. Self-heterodyne detection enables

maximum sensitivity, laser phase noise cancellation, photonic RF phase shifting and

photonic RF frequency downconversion.

A theoretical and numerical analysis of the system was derived to demonstrate

its operation. The results show that the system is robust to realistic impairments

such as third-order harmonic generation, finite ER and bias deviations of the MZMs,

imbalance between the photodiodes of the BPD and degradation imposed by non-ideal

phase noise cancelation which is negligible for realistic laser linewidths. The power

budget was derived, showing that for a fixed set of input powers the output power

is independent of the number of AEs. The crosstalk derivation shows that different

sources may significantly degrade the signal. The non-ideal frequency response of each

TODL, was assessed and it is caused by narrowband filtering and not by group delay

distortion. This distortion increases with the number of AEs, as so does the value of

τ . Nonetheless, reduced distortion was observed for a system comprising up to 32 AE,

which means that for the considered simulation scenario, the system is suitable for a

bidimensional PAA with 22× 22 AEs.

The next step is designing and integrating the presented work in a OBFN resorting

to silicon PICs.
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CHAPTER 4

Silicon photonic integrated beamforming design

Integrated optics started being explored back in the 1970s. Such interest was moved

by a dream of an optical superchip, Fig. 4.1, in which it would be possible to perform

all optical stages in a single chip, from light generation, modulation and amplification,

up to light detection. All started by investigating systems based on ferroelectrical ma-

terials such as LiNbO3 and III-V semiconductors such as GaAs and InP. The interest on

LiNbO3 was driven by its large electroptic coefficient, which allows to perform optical

modulation through Pockels effect, whereas the implementation of III-V semiconduc-

tors was driven by the easier laser fabrication and promising optical amplification and

electronic integration [114, 115].

Nonetheless, the rise of CMOS made silicon a dominant semiconductor and the

reason for the urge in silicon photonic circuits research [114, 117]. Silicon was recognized

as a semiconductor that could become a low-loss waveguide medium at fiber optic

transmission wavelengths (1310 nm to 1550 nm) [114]. However, due to the silicon
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Figure 4.1: Silicon-based optoelectronic integrated circuits superchip [115, 116] (Reprinted
with permission [115]. © 2018 IEEE.).



4. Silicon photonic integrated beamforming design

indirect bandgap, the radiative recombination of electrons and holes is rare, and the

majority of the times is dissipated as phonons. Such prevents the development of active

building blocks like laser and amplifiers, hindering a monolithic on-chip integration.

Since silicon provides a strong mode optical confinement when incorporated with

silicon-on-insulator (SOI) substrates, continuously increasing research concerning these

structures has been made by developing individual devices or simple photonic circuits

with only some building blocks [117]. With such development, silicon photonics has

been shown to be an increasingly desirable technology for optical interconnects in mi-

croelectronics because of its potential for higher bandwidth density, greater energy

efficiency, and lower latency. Hence, the optical waveguides must allow to integrate

both passive and active photonic devices, such as filters as well modulators and pho-

todiodes [118].

The dense integration characteristic of the silicon photonics technology allows all the

components of the proposed OBFN to be integrated on a single chip with co-integration

of SiGe photodetectors. In this way, the size and complexity of the system is reduced.

Furthermore, a OBFN is essentially a MIMO filter, which is based on passive devices.

Nowadays, silicon photonics technology is one of the best platforms for integrated optics

in order to achieve highly uniform and low-loss passive devices, and for such reason,

the one chosen to be employed in the development of the proposed OBFN.

In this chapter, a brief discussion with the basic concepts and designs of the silicon

waveguides is presented in Section 4.1, which also gives some basic concepts for the

silicon phase shifters technology presented in Section 4.2, and the SiGe PD technology

in Section 4.3. Section 4.4 is dedicated to the basic description of the CMOS technol-

ogy. Then, on Section 4.5, three generations of MZDIs, with 14 PIC design layouts are

presented and described. Section 4.6 and Section 4.7 are devoted to on-wafer prelim-

inary measurements and phase shifters characterization already embedded in a PCB,

respectively.

4.1 Silicon waveguide technology

Different types of silicon waveguides have been proposed [119–121], differing mostly

on the design and core dimensions. Due to the high refractive index contrast of sili-

con, there is a strong confinement of the waveguide modes, and consequently the core

dimensions of the waveguide have to be small in order to be single-mode [122, 123].

Typically, the most used silicon waveguides are the wire-type and the rib-type.

In wire-type waveguides, where the waveguide consists of a silicon core with a silica

based cladding as shown in Fig. 4.2(a), the refractive index contrast is very high, which

results in core dimensions of at most 400 nm in the telecommunications band. Due to

its ultra-small core dimensions and bending radius in the order of the micrometers, wire

waveguides are a very promising technology in optics, since the dimensions between

photonics and analog electronics are then matched. Nevertheless, silicon photonics

might present some drawbacks when referring to long waveguides. Due to its small core,
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4.2. Silicon phase shifters technology

the waveguide is more sensitive to manufacturing imperfections which might introduce

wavefront distortions, as consequently additional losses of the propagating optical signal

[122–124].

Rib waveguide structures, Fig. 4.2(b), are often deployed in PICs. They are typi-

cally designed to have a cross-section large enough to allow a good coupling efficiency

with a single-mode fiber (SMF) compared with wire-type waveguides [125, 126]. Rib

waveguides enable single-mode propagation and different slab doping densities, allow-

ing high-speed phase modulation. Such is not possible in wire-type waveguides, as

these have no side slabs for side contacts and side dopant displacement [122, 127–129].

(a)

500 nm220 nm 100 nm

Si

BOX

SiO2

SiN

SiO2

(b)

Figure 4.2: SEM picture of (a) wire waveguides (top view) and of (b) rib waveguide (cross-
section). Courtesy of IHP GmbH.

The waveguides of the designed PICs, e.g., couplers, modulators and TODLs, are

the rib-type waveguides based on IHP photonics technology, specifically tailored for

space applications (PDK SG25-PIC).

Figure 4.2(b), shows the standard implementation of an IHP’s rib-waveguide. The

Si waveguide layer and slab have a height of 220 nm and 100 nm respectively. The Si

waveguide layer is grown on a Si substrate with an intermediate buried oxide (BOX)

layer of 2µm. Cladding layers of SiN/SiO2 are grown on top of the Si waveguide.

4.2 Silicon phase shifters technology

An optical modulator is a device used to modulate a property of light, such as

amplitude, phase and polarization. A change in these properties is observed whenever

a voltage is applied to the structures that the modulators consist of, the phase shifters.

Typically through a change in the material absorption or refractive index. To support

these changes, different physical phenomena can be used, such as Pockels effect, Franz-

Keldysh effect, quantum confined Stark effect, exciton-bleaching or tunable carrier

density effect, and plasma or injected carrier effect [130]. In this thesis, phase shifters

based on thermo-optic, carrier-injection and carrier-depletion effect are investigated.

51



4. Silicon photonic integrated beamforming design

Due to the large thermo-optic coefficient of silicon, dn/dT = 1.86 × 10−4K−1 at

1550 nm near 300 K, phase modulators based on thermo-optic effect have a high dy-

namic range and demonstrate a stable behaviour over time [131]. Thermo-optic phase

shifters, Fig. 4.3(a), are designed simply by placing a resistor adjacently to the wave-

guide, typically on top, working through ohmic effect on the resistor. Since the size and

length restricts the length of the modulation region, long structures are often needed,

and, consequently, it is observed an increase of the thermal resistance on the longitu-

dinal heat flow. Large changes in temperature are needed which leads to a lower speed

and high power consumption [61, 132].

For alternative methods in which modulation is based on electro-refractive or electro-

absorptive effects, the refractive index of the material changes whenever an electrical

field is applied. However an electro-refractive modulator changes the real part of the

refractive index, whereas an electro-absorptive modulator changes the imaginary part

of the refractive index. By applying an electrical field in a structure, the charge density

interacts in different ways with the propagating light, depending if the mechanism is

carrier-injection, accumulation or depletion [133]. Carrier-injection phase shifters are

based on PIN diodes, Fig. 4.3(b). When the PIN diode is forward biased, the electrons

and holes are injected in the intrinsic region, where the waveguide is embedded. This

leads to a change in the refractive index and in the phase of the signal. On the other

hand, carrier-depletion phase shifters, Fig. 4.3(c), are based on reverse biased PN

diodes. Hence, the waveguide is embedded with the PN junctions and, when reverse

biased, the waveguide experiences a depletion of the free carriers. This leads to a low

capacitance, resulting in a low-modulation efficiency, however with negligible power

consumption, which is an important feature [118, 134].

Si substrate

BOX
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Metal
Metal

SiO2

(a)

Si substrate
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i-Si n n+p+ p

Metal Metal

SiO2

(b)

Si substrate
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Metal Metal

SiO2
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Figure 4.3: Cross-sections of typical device structures of (a) thermo-optic, (b) carrier-injection
and (c) carrier-depletion modulators.

Comparing the three phase shifters, carrier-injection and depletion phase shifters

have the advantage of being faster and less power consuming than thermo-optic phase

shifters, although producing higher losses than thermo-optical phase shifters. Between

injection and depletion mechanisms, carrier-injection phase shifters have a higher mo-

dulation efficiency, but the speed is limited by the slow recombination of free carriers

in silicon. On the other hand, depletion phase shifters enable zero power consumption,

at the expense of high losses, large footprint, and low modulation efficiency, due to the
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small overlap between the optical field and the carriers region [61, 135, 136].

4.3 Silicon–germanium photodiodes technology

The silicon-germanium heterojuntion bipolar transistor (HBT) was the first bandgap-

engineered transistor based on Si, due to the Si wide bandgap emitter and Ge narrow

bandgap base [137]. Along the years, the HBT showed signs of a big development,

being implemented in different devices such as high-sensitive sensors and detectors

[137, 138]. Detectors like PIN PD have been widely implemented in PIC platforms,

since different doping densities in the p- and in the n-layer can be implanted in the

waveguide. Furthermore, both doping concentrations and depletion region geometry

will define one of the most important parameters, the responsivity [139].

The state-of-art SiGe PD deployed by IHP photonics technologies is shown in Fig.

4.4. The SiGe PD is fabricated by selectively growing a Ge layer of 400 nm on top of a

Si waveguide, with an intermediate BOX layer with 2µm an insulator layer stock with

100 nm. A cladding layer of 400 nm is grown on top of the germanium, followed by

a SiN pedestal with 600 nm and implantation doping processes. The CoSi2 structures

are grown with the contact formation on top and the first metal layer (Metal 1). The

implemented Ge PD presents a 70 GHz bandwidth and a responsivity of more than

1 A/W at 1550 nm [140–142].

Such good performance of the PD made it desirable to integrate in a chip along with

the rest of the developed structure. Integrating the PD also makes it possible to avoid

extra insertion losses that would otherwise be introduced when coupling light out of

the chip into an external PD.

(a) (b)

Figure 4.4: (a) TEM cross-section of SiGe lateral PIN PD, and (b) SEM SiGe PIN PD
building block. Courtesy of IHP GmbH.

4.4 CMOS technology

In 1947, the first functioning transistor was built at Bell Laboratories [143]. However,

only ten years later Texas Instruments realized that if being able to miniaturize such
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device, a more efficient cost production could be obtained, since multiple transistors

could be built in just one piece of silicon [144]. Transistors were developed, and metal

oxide semiconductor field effect transistors (MOSFETs) were introduced by the 1960s.

MOSFETs could be fabricated as nMOS and pMOS, accordingly to the device n-

and p-type silicon densities, respectively. Such a device evolution led to a technology

breakthrough whenever n- and p-gates were both used in a transistor, being called

CMOS [144, 145]. Nonetheless, with the evolution of the silicon planar process, MOS

circuits continue to be the most attractive, since they could be miniaturized and the

production cost reduced [146, 147], and the high power consumption was not an issue

[144].

Whenever hundreads of thousands of transistors were integrated onto a single die

the MOS high power consumption was no longer acceptable. On the other hand,

CMOS technology, even having a higher cost production, was able to lower the power

consumption since it has two switchable gates. This made drastic changes in the

technology, with CMOS being widely adopted, replacing the rest of the technologies

[144].

With such high impact of CMOS manufacturing process, Moore’s law appeared, and

it became real, since all companies started to miniaturize their transistors for the same

price to beat competitors [148]. At the same time, integrated photonics was evolving

as well. Photonic components compatible with a conventional CMOS process, such as

waveguides, modulators and photodetectors [149, 150], were then seen as candidates for

a low-cost and mass production [144]. Silicon photonics devices therefore piggybacked

on CMOS developments and started being part of the huge semiconductor industry

[151].

To achieve a high integration of electronics and photonics in silicon substrates diffe-

rent approaches were reviewed by IBM [152], MIT [153], Luxtera [154] and IHP [155].

A typical CMOS process includes seven main stages [156]:

1. n- and p-type diffusions for the formation of the wells. It allows different doping

profiles for each well.

2. Local oxidation of silicon (LOCOS) field isolation to form channel regions that

electrically isolates components that are close to each other.

3. Formation for surface (n-MOSFETS) and buried-regions (p-MOSFETS) by ion

implantation.

4. Gate oxidation and n+ polysilicon layer deposition.

5. Ion implantation for source/drain junction formation.

6. Deposition of the oxide, contact hole opening and metallization.

7. Passivation.

54



4.5. Device design

The SOI substrates have become the standard of microelectronics and photonics

which makes it crucial for a starting point of CMOS photonic integration. After the

selection of the substrate, it is important to obtain a good waveguide performance,

achieving low waveguide losses. In this process a rib waveguide composed by a sil-

icon layer contact etch is covered by a first contact dielectric layer which are part

of the standard CMOS, followed by a couple of dielectric layers which have impact

on the waveguide loss. In order to reduce the waveguide loss, the main focus is the

photolithography process, due to its impact on the local waveguide geometry. Passive

optical devices are defined by photolithography in a single step. However, active optical

devices, such as modulators, need to be integrated by implantations techniques. Since

different devices need different doping profiles, with this technique it is possible to

control and obtain different doping concentrations. The implantation process is based

in n-well and p-well modules. As a final step, there is also the need of contacts to the

devices. CMOS standard ohmic contact modules can provide contact to the Si layer,

to the top of the gate and to the substrate [122].

All layouts were designed and produced as CMOS-compatible silicon PICs. The used

CMOS process was the PDK SG25-PIC, which is the basic 0.25µm CMOS process with

a backend that offers three thin metal layers: a metal-insulator-metal (MIM) layer and

two TopMetal layers. The two layers that comprise the TopMetal are the TopMetal1

with a 2 µm thick metal layer, and TopMetal2 with 3µm thick metal layer. The combi-

nation of these layers with a high dielectric stack, enables a better performance of the

RF passive components [157]. Figure 4.5 shows a scanning electron microscope (SEM)

picture of a chip cross-section, where it is possible to observe all metal layers.

4.5 Device design

Different layouts of the proposed beamformer, Fig. 3.1(a), featuring different kinds

of phase shifters were designed and produced with the fabrication of CMOS-compatible

silicon PICs. The aim of designing different layouts was assessing which kind of phase

shifter would be more suitable. Hence, thermo-optic phase shifters, free carriers injec-

tion in a PIN junction and depletion in a PN junction were studied.

To achieve the best possible performance, 14 PICs divided in 3 tape-outs were

designed. The different tape-outs are here referred as PIC generations, in which each

generation is essentially the extension of the previous one in order to accommodate

more input signals. The software used to design the layouts was IPKISS [158]. IPKISS

is a parametric design framework that uses a python scripting interface. The script is

compiled and the structures visualized in KLayout [159], a GDS file editor and viewer.

As a final step, the project is exported to TexEDA [160], where the layout of analog,

RF, digital and mixed-signal designs can be drawn, the fillers generated and run the

design rule checking (DRC).

Figure 4.6 shows the scheme of the basic MZDI based beamforming system layout

of the designed and fabricated PICs. The MZDI is composed by two non-thermo-optic
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Figure 4.5: SG25-PIC process in a rib waveguide. Colors correspond to the KLayout design
code. Courtesy of IHP GmbH.

Figure 4.6: Scheme of the PICs basic structure of the MZDI.

phase shifters, φ1 and φ2, which enable tunable coupling ratio, and two thermo-optic

phase shifters, H1 and H2. The phase shifters φ1 and φ2 are the ones that change

between layouts. The thermo-optic phase shifters, H1 and H2, were designed to allow

a fine adjustment of the phase if needed. The MZDI that follows has a spiral-shaped

optical delay line 4.174 mm long to produce a delay of 50 ps, τ and H3, and two carrier-

injection phase shifters in each arm, γ1 and γ2, 300µm and 500 µm long, respectively.

The carrier-injection phase shifter that follows the optical delay line is shorter than the

one of the other arm so that the loss difference between arms is minimized. In addition,

the PIC also offers the possibility of combining an OLO to the delayed optical signal.

Table 4.1 shows the different variations of the first generation of PICs. In the first two

chips, C3PO and R2D2, there is only one Mach-Zehnder interferometer (MZI). R2D2

was actually supposed have φ1 and φ2 as carrier-depletion phase shifters. However,

doping and waveguide geometry design errors turned these into carrier-injection phase

shifter such as C3PO. R2D2 has also a PIN PD at the bottom left part of the chip,
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in case there would be the need of characterizing it, which, was not the case. In the

second part of Table 4.1, the layouts of complete MZDIs are presented. All chips

present similar structures already described for the three layouts, i.e., Leia, ObiWan

and Vader, except for Yoda. Yoda has in the first MZDI, a 5 mm long traveling-wave

electrode (TWE) depletion type MZM [161], also including two thermo-optic phase

shifters with 1.5 mm, H1 and H2, for fine phase adjustment.

The next step was the design of the second generation of PICs. Looking to the

chips presented in Table 4.2, the first component is a thermo-optic phase shifter that

is followed by a carrier-injection phase shifter 500µm long, β, required to control the

optical phase of each path. Once again, the carrier-injection phase shifter is used

as the main phase shifter while the thermo-optic phase shifter can be used for small

phase adjustments. After the input phase being controlled, the signal follows the same

structure as described in the first generation of PICs, now with the carrier-injection and

Table 4.1: First generation of PICs layout design.

Name Dimensions [mm2] Layout

C3PO 4.132× 0.843

grating couplers

carrier-injection 1mm

thermo-optic 1.5mm

R2D2 2.785× 1.376

carrier-injection

 1.5mm

grating couplers for 

fiber array alignement

PIN photodiode

G S G S G

Leia 3.895× 0.947
thermo-optic 2mm thermo-optic 4.174mm

ObiWan 5.510× 0.947
electrical PADscarrier-injection 1mm

Vader 4.079× 1.376

carrier-injection

300μm

carrier-injection 500μmcarrier-injection

1.5mm

Yoda 9.753× 1.124
TWE carrier-depletion 5mm
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4. Silicon photonic integrated beamforming design

carrier-depletion phase shifters folded in a coiled configuration to minimize footprint.

The output optical signal results from the combination of the two delayed optical

signals, which can be either combined with the OLO and detected by the photodiode

at the far right, or simply extracted from the chip via a grating coupler.

At last, Table 4.3 shows the layouts of the third generation of chips. These are

identical to the second generation but containing two pairs of MZDIs that are coupled.

Following the same reasoning, CygnusA is then an extension of Borboleta, Messier87

an extension of Farfalla, Markarian501 an extension of Schmetterling ; and, the last

layout, Holmberg15A, an extension of Petalouda. It is important to note that, even

though the third generation of layouts is an extension of the second generation, some

parts of the optical geometry had to be changed. All the metallization had to be done

all over again, with different metal layers, geometry and electronic contacts disposition.

Due to the complexity of the coiled design of some structures in the PICs, metal layers

and metallization geometry, the designs were already in a very advanced level, which

brought some risks, such as undetectable errors that are prone to occur, even after

checking the layouts more than once and running the DRC.

After all the layouts are designed the chip should be enclosed by a sealring structure

that follows the foundry design rules. The primary function of the sealring is to avoid

introducing die-sawing stress and contaminants into the chips circuits [162]. The next

step is to perform the fillers generation for the semiconductor enclosure, and at last,

Table 4.2: Second generation of PICs layout design.

Name Dimensions [mm2] Layout

Borboleta 4.056× 1.353

thermo-optic

1.5mm carrier-injection

300μm

carrier-injection

600μmcarrier-injection

500μm

Farfalla 4.820× 1.594

carrier-injection

1mm
PIN

photodiode

Schmetterling 9.689× 1.870

carrier-depletion

1cm

Petalouda 5.842× 1.747
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running the DRC which verifies if the layout chip satisfies the design rules of IHP’s

SG25-PIC. The project submission is done and the different layouts are organized in

a die, as shown in Fig. 4.7(a), Fig. 4.7(b) and Fig. 4.7(c). The die is replicated over

the entire wafer, Fig. 4.7(d), and various PICs from the same layout are diced for

testing purposes. These tests are performed in different wafer coordinates to evaluate

the uniformity of the fabrication process.

4.6 On-wafer measurements

Before the wafers are diced into chips, they have to pass process control measure-

ments to verify the performance of building blocks. This process control comprises

wafer level measurements of electronic and opto-electronic control parameters, in which

Table 4.3: Third generation of PICs layout design.

Name Dimensions [mm2] Layout

CygnusA 4.598× 2.348

Messier87 5.191× 2.724

Markarian501 6.105× 2.883

Holmberg15A 11.078× 3.119
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(a) (b) (c)

Layout 1
Layout 2
Layout 3

...

x
y

(d)

Figure 4.7: Layout disposition in a die of the (a) first generation, (b) second generation, and
(c) third generation of chips. (d) Illustration of a printed and replicated die on a wafer.

waveguide losses are included. To measure the waveguide losses the setup of Fig. 4.8 is

implemented. The used optical backscatter reflectometer (OBR) (LUNA 5T-55) does a

wavelength sweep and measures the backscattered light. The OBR sends a CW optical

signal, which has its polarization adjusted to maximize the power retrieved from the

chip. The signal is attenuated by 10 dB, to avoid damaging the chips, and fed to the

chip in the wafer. The signal is backscattered and the insertion loss of the measured de-

vices is known. This was done to different chip structure from all different generations

of chips.

A grating coupler average insertion loss of 4.3 dB was measured. Regarding the wa-

veguide losses, an average value of 1.4 dB/cm for undoped waveguides was measured,

whereas for a PN doped waveguide an average insertion loss of 7.1 dB/cm was obtained.

The measurement results are shown in Fig. 4.9, respectively. In general, all chips have

a similiar insertion loss distribution, except for the chips colored in blue. These mea-

surements are very important for the power budget estimation. The measurements did

not show deviations from IHP process specifications, allowing to move on to application

specific tests.

Fabricating these PIC designs were a novelty for IHP, as it usually works on a device

level, and not on a system level. Such implied a detailed, step-by-step characterization

of such systems, with the first preliminary tests made on the different phase shifters at

IHP GmbH laboratories.

Figure 4.10 shows the experimental setup of the used wafer-probe station. A tunable

Optical Backscatter
Reflectometer

Atten. wafer

Figure 4.8: Optical frequency-domain reflectometry measurement setup.
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4.6. On-wafer measurements

(a) (b)

Figure 4.9: Wafer map insertion loss distribution for a (a) undoped waveguides and (b)
PN-doped waveguides.

laser source (TLS) (Agilent 81960A) signal of 6 dBm at 1550 nm with a linewidth of

100 kHz is injected into one of the fibers of an 8 fiber-array that is aligned with the

grating couplers of the PIC, and fed to the TODLs. Two power supplies are connected

to the two DC needles array that feed with a voltage, the electrical contacts. The

output optical signal is then monitored through one of the fibers of the 8-fiber array.

(a)

Leia

ObiWan

Vader

Yoda

8 Fiber-array

DC needles

(b)

Figure 4.10: (a) Experimental setup at IHP GmbH facilities for the on-wafer measurements.
(b) Wafer-probe setup with the 8 fiber-array for optical interfacing with the PIC under test,
and the DC needles required to bias the phase shifters.

Figure 4.11 shows the output power as a function of wavelength for different bias

voltages. First of all, it is clear that each PIC has a periodic amplitude response char-

acteristic of an interferometer, as supposed to. Second, the phase shifters best perfor-

mance occurs for the working window around the 1550 nm. Regarding the thermo-optic

phase shifter with 2 mm, Fig. 4.11(a), at −1.6 V it provides a phase shift of 180°, while

for carrier-injection phase shifter, Fig. 4.11(b), a threshold around −0.6 V is observed.

The interferometric behaviour is clearly observed with a fast change of the center fre-

quency with the applied voltage, since for −1.6 V the phase jumps to more than 360°.
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4. Silicon photonic integrated beamforming design

The depletion-type phase shifter with 5 mm, Fig. 4.11(c), was only reverse biased. For

such values, it is shown that until 1 V, no changes are observed, however for 3 V, the

phase starts to change and, at 7 V, a 180° is achieved. These results indicate that

all phase shifters have the expected behaviour, and that the observed interferometric

behaviour is as expected.
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Figure 4.11: Measured output power as a function of the wavelength, showing an interfero-
metric behavior for (a) Leia’s H1, (b) ObiWan’s φ1, and (c) Yoda’s φ1, with different applied
voltages.

These preliminary tests were very important since they provided a first impression

on the performance of the PIC samples. Since the tested PIC samples showed to

have a good performance, it was possible to move on to the next step, probe card

measurements.

4.7 Probe card measurements

In order to correctly operate the TODL, first it is necessary to characterize the phase

shifters. Such tests should provide the power consumption, static attenuation, and

phase and attenuation variation with the input voltage. To perform the characterization

of each type of phase shifter - thermo-optic, carrier-injection and carrier-depletion, Leia,

ObiWan, and Yoda, were used, respectively.

Each PIC was glued to an aluminum slab and electrically connected to the PCB via

bond-wiring. Optical interfacing was performed through quasi-vertical light coupling

between a fiber array and the PIC grating couplers. In order to enable temperature

control and also to assess the impact of temperature variation, a thermistor is fixed on

top of the aluminum slab, which is set on top of a peltier. A temperature controller

connected to the thermistor was used for controlling the temperature of the peltier and

stabilize it by default at 25 ◦C. The PICs embedded on the PCB can be seen in Fig.

4.12.
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PIC
termistor

(a)

PIC
termistor

(b)

PIC
termistor

(c)

Figure 4.12: PICs (a) Leia, (b) ObiWan, and (c) Yoda bond-wired to the PCB to provide
electrical interfacing.

The results in Fig. 4.13(a) show that a phase shift of almost 6π is achieved with a

2 mm thermo-optic phase shifter. On the other hand, in Fig. 4.13(b) lower plot, a 1 mm

carrier-injection phase shifter, achieves a bit more than 3π. Figures 4.13(b) and 4.13(c)

top plots, show the variation of the optical power as a function of an identical voltage

applied to both phase shifters. Figure 4.13(b) top plot clearly shows that carrier-

injection phase shifters induce a voltage-dependent attenuation, that varies around 8 dB

for the chosen voltage range, while, Fig. 4.13(c) top plot, the carrier-depletion phase

shifter attenuation has a maximum variation of 1.7 dB for the full voltage range, which

is much lower when compared with the 8 dB of carrier-injection. In a carrier-injection

junction, the plasma effect phenomenon that occurs when increasing the bias voltage

is responsible for the steep increase of insertion loss observed up to 8 dB. Concerning

Fig. 4.13(c) lower plot, the output power varies about the same for voltages between

−0.7 V to 0 V and 0 V to 5 V, whereas at 5 V the saturation of the carriers in the N

junction is observed. This means that the carrier-depletion effect loses effectiveness as

the bias voltage is increased. In addition, a phase shift of 2π is not reached, meaning

that there might be problems in achieving the full delay span of 0 to 50 ps if only

a single phase shifter is used. In conclusion, these tests show that carrier-depletion

phase shifters operate as expected. As a phase shift of 2π could not reached with the

5 mm phase shifter, for the second generation of PICs the length was increased to 1 cm,

guaranteeing that a 2π phase shift is reachable.

Other characterization tests such as I-V curves, were made and are presented in

Fig. 4.14. As observed in Fig. 4.14(a), the thermo-optic phase shifters with a length

of 1.5 and 2 mm behave like 100 Ω resistors, whereas the phase shifter with a length of

4.174 mm behave as a 200 Ω resistor. Regarding carrier-injection phase shifters, Fig.

4.14(b), saturation point is at −0.7 V, which corresponds to the minimum bias voltage

that can be applied to turn into a conductive junction. Furthermore, these draw a high

current for high forward voltages which might lead to a thermo-optic effect besides

carrier-injection one. On the other hand, with the carrier-depletion phase shifters,

4.14(c), a negligible power consumption is obtained for V ≥ −0.7, as expected. This

analysis is summarized in Table 4.4.
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Figure 4.13: PIC output power as a function of Vφ1 (VH1) and Vφ2 (VH2) for (a) thermo-optic,
(b) carrier-injection, and (c) carrier-depletion phase shifters. The application of an identical
voltage sweep to φ1 and φ2 shows carrier-injection and carrier-depletion voltage-dependent
absorption. The output power varies differently with Vφ1 or Vφ2, or even with VH1 and VH2,
due to fabrication differences between pairs of phase shifters.
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Figure 4.14: Current fed as a function of Vφ1 (VH1) and Vφ2 (VH2) for (a) thermo-optic, (b)
carrier-injection, and (c) carrier-depletion phase shifters.

In this chapter the basics of silicon photonics were introduced, from the waveguide

technology to phase shifters and SiGe Photodiodes. All OBFN PIC designs, distributed

in 3 tape-outs and totaling of 14 chips were presented and described in detail. The

preliminary tests of the three types of phase shifters, thermo-optic, carrier injection

and carrier depletion, that forms the MZDIs were successful.

In summary, thermo-optic phase shifters present no voltage-dependent attenuation,

low insertion loss, a reduced footprint, but a very high power consumption, ∼ 20 mW/π,

and potential thermal crosstalk for high density integration of phase shifters [163].

Carrier-injection phase shifters show a 8 dB voltage-dependent attenuation for a phase

shift from 0 to 3π, and reduced footprint, however also a very high power consumption

with tendency to behave as a thermo-optic phase shifter; the carrier-depletion phase

shifter presents a 1.7 dB voltage-dependent attenuation, high insertion loss, long length,

but negligible power consumption.
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Table 4.4: PIC characterization results.

Leia ObiWan Yoda

φ1/φ2 H3 φ1/φ2 γ φ1/φ2 γ

PS length [mm] 2.00 4.17 2.00 0.50 5.00 0.50
PS PC [mW]∗ 30 28 14 26 0 26
Vmax [V] 3.0 5.0 −0.7 −0.7 6.0 −0.7
Vmin [V] 0 0 −1.5 −1.5 −0.7 −1.5

PIC ILtheo [dB]† ∼ 11 ∼ 11 ∼ 16
PIC ILmeas [dB]† 11.82 12.80 15.58
Total PIC area [mm2] 3.7 5.2 11

∗ for a phase shift of 2π.
† for a configured delay of 0 ps (3 dB).

Not all of the designed PICs were tested, but it was never the plan to do so. The

plan, which was executed without changes, was to choose the best overall type of phase

shifter, thermo-optic, carrier injection or carrier depletion, based on the tests done

to the first generation of PICs. Since reducing the power consumption is the main

priority of the targeted application, for the second and third generations of PICs, only

the designs Schmetterling and Markarian501, respectively, with low-power consuming

φ1 and φ2 as carrier-depletion phase shifters, were selected for system demonstration

purposes.
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CHAPTER 5

Demonstration of the optical beamforming

processor

The sheer scale of a photonic-aided payload unavoidably results in long optical

paths, more than 5000 times longer than RF paths when normalized to the wavelength.

As a result, unavoidable thermal and mechanical gradients imposed to optical paths

produce a slow but random phase drift to the propagating signals, obliterating coherent

beamforming if no action is taken. Given that there is no such problem in an RF BFN,

its configuration may be performed by a fairly static MCL. Conversely, an OBFN

requires a dynamic MCL, which nonetheless must be kept simple, scalable and fast

just enough to track phase drifting, in order to be suitable for a large-scale OBFN.

Devising such a MCL thus is a key task, which must be accomplished for demonstrating

real-time beamforming.

In this chapter, the proposed self-heterodyne OBFN is demonstrated. A scalable,

modular and coherent photonic-aided payload receiver comprising four custom-made

modules, all aiming for miniaturization and modularity, is presented. It includes two

arrays of two GaAs MZMs each, a radiation-hardened MC-EDFA with 7 cores, a 4× 1

integrated OBFN, and a MCL for defining and stabilizing the amplitude, delay and

phase of each signal. This chapter starts with the demonstration of the TODL con-

trolled by a basic MCL, going trough its evolution to two paths and at the end to four

paths. As last, single-beam beamforming and multi-beam beamforming are demon-

strated.

5.1 Self-heterodyne receiver

In this section, the description and performance of a self-coherent receiver are pre-

sented. The system resorts to two out-of-band pilot tones added to the input optical
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signal that are monitored by a MCL. The amplitude and phase difference between

tones are retrieved to the control system, which calculates and applies the TODL con-

trol signals. Such system allows to tune the delay within the entire range of the TODL

in all tested PICs and at the same time prove the working principle of self-heterodyne

reception. The schematics of such system is depicted in Fig. 5.1.
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Figure 5.1: Experimental setup of the proposed self-heterodyne receiver. Bottom inset: The
pilot tones are frequency-downconverted in three stages: photonic, RF and digital.

A CW laser signal with a linewidth of 100 kHz and a wavelength of 1545 nm is split in

two paths. In the upper path, an arbitrary wave generator (AWG) is used to generate

the two pilot tones, at 3.9 GHz and 5.1 GHz, which are fed to a MZM biased at the

minimum transmission point. The modulated signal is amplified and then delayed by

the TODL integrated in the PIC.

In the lowest path, the input CW signal is fed to an IQM driven by a 2.5 GHz

tone such that a frequency-shifted version of the laser is obtained. This signal is used

at the receiver as a FSOLO. The delayed optical signal and the FSOLO are fed to

a coherent receiver, thus resulting in self-heterodyne detection [53]. Given that the

OLO is frequency-shifted by 2.5 GHz, the pilot tones are frequency-downconverted to

1.4 GHz and 2.6 GHz, respectively.

The resulting electrical signal and two RF local oscillators (LOs) with frequencies

fLO,1 = 1.4 GHz − 2 kHz and fLO,2 = 2.6 GHz − 5 kHz are fed to a single RF IQ de-

modulator, which downconverts the tones to 2 kHz and 5 kHz. The resulting signal is

analog-to-digital converted at 64 ksample s−1, and then digitally processed by a digital

signal controller (DSC) from Microchip (dsPIC33F family). The DSC handles the syn-

chronous acquisition of the pilot tones, and sends their samples and timing information

to a computer. The computer first digitally downconverts each tone to baseband, and

runs a MCL described further ahead. The updated phase shifter voltages are then sent
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5.1. Self-heterodyne receiver

to the DSC which, in turn, updates the DACs accordingly. Given that the complete

system is synchronous, pilot tone generation and all frequency downconversion stages

are frequency-referenced to a single 10 MHz tone.

The estimation of the phase of each pilot tones requires it to be downconverted

to baseband. In the present setup, three downconversion stages – photonic, RF, and

digital – are used for the following reasons. Photonic frequency downconversion comes

with self-heterodyne detection. A final RF center frequency of 2 GHz was chosen in

order to allow a modulation bandwidth up to 1 GHz, which is sufficient to accommodate

a 1 Gb s−1 QPSK signal. The following RF frequency downconversion stage was set to

further downconvert the tones to the kHz range. Since RF frequency downconversion

was constrained by the limited resolution of 1 kHz of the used RF LOs, there was

the need of having an additional digital stage to finally downconvert the signal to

baseband. For all the described processes to correctly function, it is important that

both signal and OLO path lengths are equalized to maximize phase-noise cancellation

[53]. A difference of approximately 30 cm between paths was estimated, which results

in quasi-ideal phase-noise cancellation.

The MCL working principle for operating the proposed TODL is presented in the

next section and further validated with the proposed experimental setup.

5.1.1 MCL for one TODL

The MCL uses two out-of-band pilot tones added to the input signal to estimate the

time delay introduced by the TODL, as well as the detuning between the periodic trans-

fer function of the TODL (see Fig. 3.2) and the center frequency of the signal. Based

on such information, the control system continuously optimizes the TODL response.

The reason why the MCL is based on pilot tones is that it should be transparent to

the input signal, adaptable to any type of TODL and to any fabrication technology. To

achieve this degree of flexibility the MCL must work by trial and error, at least during

an initial learning phase. Hence, an algorithm based on simple conditions exploiting

basic knowledge of the TODL operation principle was developed. It has the advantage

of being simple to understand and implement, thus being compatible with real-time

operation. The following steps were then considered:

1. Centering the frequency response of the MZDI with the optical signal by adjusting

the phase shifters of the second interferometer containing the optical delay line,

i.e., H3, γ, such that phase shifters of opposite arms should be adjusted towards

opposite directions;

2. The time delay of the MZDI depends on its coupling ratio, which can be tuned

by adjusting φ1, φ2, H1, and H2, such that phase shifters of opposite arms should

be adjusted towards opposite directions.

If needed, the output power can be adjusted using an external VOA.
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Figure 5.2: Basic scheme illustrating the feedback-based MCL used to configure the delay of
the TODL, τtodl, and detuning between the input optical signal and the frequency response
of the TODL, ∆f = fs − ftodl, respectively. Vi: voltage applied to the phase shifter i.

The assumptions above assume ideal phase shifters, which means that there is no

variable attenuation associated with phase shifting. In reality such does not happen.

This means that tuning one of the parameters, i.e., center frequency of the MZDI

and time delay, may detune the others. Nonetheless, assuming that the attenuation

variation with the input voltage is not dominant over phase shifting as a function of the

input voltage, such interplay among tuned parameters can be overcome by alternating

among the two steps above until the target result is achieved.

The proposed implementation the MCL is depicted in Fig. 5.2. Two out-of-band

pilot tones are added to the input optical signal. Each pilot tone is given by

p1,2(t) = A1,2 exp (j(ω1,2t+ δ1,2s)) , (5.1)

where ω1,2 is the frequency, such that ω1 < ω2, A1,2, the amplitude and δ1,2s is the

starting phase of each pilot tone. A portion of the input signal is tapped so that the

pilot tones can be extracted. The monitoring system first calculates P1,2 =‖ A1,2 ‖2,

and estimates the detuning as ∆f ∝ P2/P1. Depending on the value of ∆f, the control

system actuates on the TODL input that addresses detuning, Vγ. Such operation is

repeated until the estimated detuning becomes negligible.

Subsequently, the monitoring system calculates the phase difference between pilot

tones, given by

δ1 − δ2 = −τest(ω1 − ω2) + (δ1,s − δ2,s), (5.2)

where τest = τtodl + τsist is the delay introduced by the TODL plus that of the rest of

the system, respectively. The estimated time delay is given by

τest = −(δ1 − δ2)− (δ1,s − δ2,s)

ω1 − ω2

. (5.3)

With τest known, the estimated time delay introduced by the TODL can be then

calculated as

τtodl = τest − τsist, (5.4)
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5.1. Self-heterodyne receiver

where τTODL ∈ [0, τ ], τ being the maximum delay of the TODL. The TODL input that

addresses delay, Vφ, is changed, until τTODL becomes sufficiently close to the target

delay, τset. If the phase shifter γ affects the time delay or the phase shifter φ affects the

detuning, the MCL continues working by trial and error until detuning is minimized

and τtodl becomes sufficiently close to τset. The algorithms for centering the frequency

response of the MZDI and for setting up τTODL = τset are summarized in Algorithm 1.

In the derivation above it should be assumed that δ1,2s, τsist and even the exact value

of τ are not known beforehand. This does not represent a problem, provided that Vφ

can be varied across its range in a calibration procedure. As a result, τest will vary

between the minimum and maximum delay, τmin ≤ τest ≤ τmax, and thus τTODL = 0

when τest = τmin, and τTODL = τ when τest = τmax. Such a calibration procedure is

explained as follows.

Algorithm 1 Optimization of the TODL parameters.

1: inputs
2: ∆A is a positive constant
3: ∆τ is a positive constant
4:

5: procedure Centering the TODL
6: repeat
7: Estimate A1 and A2 [in dB]
8: if A1 − A2 > +∆A then
9: Increase Vγ and/or decrease VH3

10: end if
11: if A1 − A2 < −∆A then
12: Increase VH3 and/or decrease Vγ
13: end if
14: until |A1 − A2| ≤ ∆A
15: end procedure
16:

17: procedure Setting τtodl to τset

18: repeat
19: Estimate τTODL

20: if τset − τtodl > +∆τ then
21: decrease φ2, H2, or increase φ1, H1

22: end if
23: if τset − τtodl < −∆τ then
24: decrease φ1, H1, or increase φ2, H2

25: end if
26: until |τTODL − τset| ≤ ∆τ
27: end procedure
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5. Demonstration of the optical beamforming processor

Calibration

Before running the MCL, a calibration procedure is required to estimate some key

parameters. The following steps must be followed:

1. Set the voltages of φ1/H1 such that the output power is minimized;

2. At this point,light passes totally either by the upper arm or by the lower arm

of the MZDI, and since ‖A1,2‖2 has a flat response with the frequency (see Fig.

3.2), one can estimate the inherent power ratio between pilot tones, Kdiff = P2/P1,

which ideally should be Kdiff = 1;

3. Estimate K1 = δ1 − δ2;

4. Repeat the process for φ2/H2 and estimate K2 = δ1 − δ2;

5. Calculate Kcal = max{K1, K2};

6. Calculate τ = |K1−K2|
2π(ω2−ω1)

.

Kdiff is required for correctly centering the frequency response of the MZDI with the

optical signal such that in Algorithm 1 ∆A becomes ∆A−Kdiff. Regarding Kcal, it is

required to calculate the value of the estimated delay, as

τTODL = −(δ1 − δ2)−Kcal

2π · (ω1 − ω2)
. (5.5)

5.1.2 Equalization of the time delay

The first generation of chips – Leia, ObiWan and Yoda – was tested along with the

developed MCL. The setup is shown in Fig. 5.1. Microscope images of each PIC are

depicted in Fig. 5.3, and a photo of the experimental setup is shown in Fig. 5.4.

(a) (b) (c) (d)

Figure 5.3: Microscope photos of the first generation of PICs: (a) Leia, (b) ObiWan and (c)
Yoda, and (d) coupling of the 8-fiber array with a PIC.
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5.1. Self-heterodyne receiver

Figure 5.4: Testbed for the first generation of PICs.

The first demonstration of the TODL should provide the simplest possible operation.

Leia holds such benefit since φ1,2 resorts to thermo-optic phase shifters, allowing low

tuning voltages. The second demonstration was performed with ObiWan which resorts

only to carrier-injection phase shifters. At last, Yoda was tested, with φ1,2 resorting

to carrier-depletion phase shifters. In all chips, γ resorts to a carrier-injection phase

shifter.

After running the calibration procedure previously described, the MCL was executed

for τset = 0 ps, 25 ps and 50 ps. Figure 5.5 shows the results of the estimated time

delay, τest. The upper plots show that detuning was minimized until P2/P1 fell within

the configured threshold of ±1 dB. The middle plots show that the time delay was

successfully tuned between 0 ps and 50 ps. The lower plots show the voltages needed

to minimize the detuning, Vγ and VH3 , as well as for tuning the time delay to τset,

Vφ1,2 and VH1,2 . The MCL was configured not to change the voltages applied to the

phase shifters once τTODL falls within τset ± 5 ps. As observed in all cases the delay

smoothly converged to τest, except for Leia at 50 ps. At this point, for the previous

value of VH3 = 2.6 V, the MCL failed to converge to τset = 50 ps. The MCL then

slightly detuned the MZDI by reducing VH3 to 2.3 V, and decreased VH1 − VH2 , thus

converging to τset. This particular case demonstrates the adaptability of the proposed

control system. This specific case shows that the MCL still manages to work despite

failing an initial convergence.

The MCL was therefore successfully applied to all three PICs for τset = 0 ps, 25 ps
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5. Demonstration of the optical beamforming processor

τset = 0 ps τset = 25 ps τset = 50 ps
T
O
D
L

(a) Leia.

τset = 0 ps τset = 25 ps τset = 50 ps

(b) ObiWan.

τset = 0 ps τset = 25 ps τset = 50 ps

(c) Yoda.

Figure 5.5: Estimated time delay. Top, evolution of the detuning metric, i.e., ∆f ∝ P2/P1;
middle, convergence to the target time delays; bottom, voltages applied to the used phase
shifters.

and 50 ps, respecting the voltage limits stated in Table 4.4. These results prove that

the MCL is agnostic to the implementation technology. The optimum tuning voltages

from Fig. 5.5 are plotted in Fig. 5.6. As expected, in all PICs the voltages applied

to the phase shifter pairs φ1,2 and H1,2 vary in a fairly complementary way. However,

there is an exception in PIC 1 for τset = 50 ps.

(a) Leia. (b) ObiWan. (c) Yoda.

Figure 5.6: Optimum voltages found by the MCL for achieving the target delay, τset.

To confirm the stability of the MCL applied to all PICs, the voltages corresponding

to τset = 50 ps were set, and τTODL was measured during 25 s, as shown in Fig. 5.7. A

stable behaviour is noticeable in both Figs. 5.5 and 5.7, proving that self-heterodyne

detection and all frequency downconversion stages were stable as well. However, a mea-

surement uncertainty of ∼ 10 ps peak-to-peak is observed. This uncertainty originates

from different detrimental sources in the setup, such as noise, frequency and timing jit-

ter, and intermodulation distortion. Nonetheless, such a low uncertainty value does not

invalidate the time delay estimation, and can be further reduced by averaging multiple

measurements.
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(a) Leia. (b) ObiWan. (c) Yoda.

Figure 5.7: Estimated time delay introduced by the TODL over time for τset = 50 ps. Legend:
p2p corresponds to the difference between the maximum and the minimum possible delay of
the signal, while std corresponds to the standard deviation.

5.2 2-channel optical beamforming network

In this section a 2 × 1 OBFN is presented, and its performance is analysed. The

experimental setup used to test the first generation of PICs was upgraded to include

two signal paths, as shown in Fig. 5.8. The two signal paths were matched in length

with picosecond precision, whereas the OLO path was about 10 cm longer than the

signal paths. Such difference is sufficiently short to obtain almost ideal phase noise

cancellation.

The downconverted RF signal is split in two copies, one of which is input to a real-

time sampling scope (RTSS) for offline evaluation of the signal, and the other is fed

to the MCL, to calculate the voltages to be programmed to the DACs, which in turn

actuate on VOAs and phase shifters. In all experiments performed in this work offline

processing involved only essential functions: frequency downconversion to baseband,

removal of the pilot tones through low-pass filtering, downsampling to 1 sample per

symbol, normalization and de-rotation of the constellation.

For such system to work, the MCL had to additionally include a phase-locked loop

(PLL) for defining and stabilizing the optical/RF phase of the two input signals. Given

that phase drifts over time, the PLL had to run in real time. However, for tuning the

TODLs there is no such need, and, for a matter of simplicity it was decided to optimize

one TODL at a time, as well as assume that it would stay well configured for a long

period of time. As a result, to adjust a TODL, all paths were attenuated except the

one of the TODL. Still, the PLL stage was generalized for the 4×1 OBFN; its complete

description will be included in the next section.

Besides this basic setup extension, the RF frequencies were shifted to the Ka-band,

a standard of GEO satellites. The shift resulted in a RF frequency increased from

4.5 GHz to 28 GHz. The frequency of the OLO was increased accordingly, from 2.5 GHz

to 26 GHz. Hence, due to photonic RF frequency downconversion, the output RF sig-

nal has the same frequency as before, and thus the RF and digital frequency down-
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Figure 5.8: Experimental setup for the 2× 1 OBFN.

conversion stages remained unaltered. In addition, besides the pilot tones located at

28±0.6 GHz, a 1 Gb/s QPSK signal is included with a carrier at 28 GHz. The QPSK

signal is pulse shaped by a raised cosine filter with a roll-off of 0.25. The signal com-

prises identical frames transmitted one after the other, wherein a frame contains 512

symbols.

The second generation of PICs comprises the four designs: Borboleta, based on

thermo-optic phase shifters; Farfalla, based on carrier-injection phase shifters; Petalouda,

based on 5 mm long TWE carrier-depletion phase shifters; and Schmetterling, based

on 10 mm spiraled carrier-depletion phase shifters. Based on the previous comparison

among different phase shifters, the two designs based only in the thermo-optic and

carrier-injection phase shifters, were excluded. From the two remaining designs, both

based on carrier-depletion effect, Schmetterling was chosen over Petalouda. Schmetter-

ling was designed with a spiral-like shape which reduces the footprint and allows at

the same time increasing the length to 1 cm. Such guarantees that a 2π phase shift is

achieved. Its photo is shown in Fig. 5.9 and the corresponding setup in Fig. 5.10.

(a) (b)

Figure 5.9: (a) Microscope photo of a Schmetterling PIC; (b) PIC bonded to a PCB set on
top of a metal carrier.
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5.2. 2-channel optical beamforming network

2 polarization
controlers2 TODLs

DACs

PIC Coherent
Receiver

Figure 5.10: Testbed of the second generation PIC Schmetterling. Schmetterling ’s experi-
mental setup is an upgrade of the experimental setup shown in Fig. 5.4, however prepared
to process two input signals instead of one.

The measured insertion loss of the chip from one single input to the output is of

about 30 dB. The estimated insertion loss should be of approximately 9 dB due to input

and output grating couplers, 10 dB due to the spiraled 1 cm long carrier-depletion phase

shifters, 3 dB due to the fact that the TODLs present such a loss for τc = 0 ps, 6 dB due

to the two cascaded 3 dB optical combiners, which totals 28 dB. The excess 2 dB are

likely due to alignment errors, mostly due to imperfect pitch between the fibers of the

8-channel fiber array, which had a specification tolerance of ±0.5 µm [164]. Nonetheless,

even though the output power has a low value of −26.61 dBm, coherent detection makes

it possible to retrieve the output signal with the highest possible sensitivity.

5.2.1 Equalization of the time delays

The equalization of time delays of both paths is achieved once both have identical

time delays. In this way, the time delay of the upper path is first adjusted at a given

value, and the time delay of the lower path is then set to the same value. This means

that in a first step the VOA of the upper path is set to minimum attenuation and the

VOA of the lower path set to maximum attenuation, whereas in the second step the

opposite is done. In order to be able to assess the entire range of the two TODLs, the

two signal paths were delay-matched using mechanical TODLs (delay stages in Fig.

5.8). The delay of the two TODLs of the PIC was then set to 0, 25 and 50 ps. The

results are shown in Fig. 5.11.

As expected, the results are quite similar to the ones obtained in the first generation
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5. Demonstration of the optical beamforming processor
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(a) Upper path.

τset = 0 ps τset = 25 ps τset = 50 ps

(b) Lower path.

Figure 5.11: Evolution of the estimated time delay for the upper and lower paths. Top,
evolution of the detuning, i.e., ∆f ∝ P2/P1; middle, convergence to the target time delays;
bottom, voltages applied to the used phase shifters.

of PICs. The estimated delay shows a peak-to-peak variation of 15 ps, also identical

to the variation observed in the first generation of PICs. Despite the lower output

power, and also that pilot tones are assigned 10 % of the amplitude of the QPSK

signal, the noise in the measurements did not increase. Due to the negligible zero

bandwidth of the pilot tones, which only depends on an observed the phase wandering

varying up to 10 Hz, the resilience of the delay estimation to noise is extremely high.

The dominating noise is therefore residual phase noise originated from non-ideal phase

noise cancellation. This means that such method to estimate the delay can be scaled

to more antenna elements (signal paths). To prove such statement, the VOAs were set

to maximum attenuation, which is about 45 dB. The optical power at the output of

the chip is thus about −71 dBm. The phase shifters were set with constant voltages

configured to achieve a delay of 50 ps in each path. The results are shown in Fig. 5.12.

Even though the measurement noise is extremely high, it is clear that the average

value is of 50 ps, and thus correct. Such successful results allows us to move on to

phase stabilization of each path, crucial for achieving beamforming.

5.2.2 Photonic beamforming

Photonic beamforming requires that the amplitude and phase of each path be con-

figured and stabilized. Amplitude equalization is easily achieved through the VOAs.

However, phase definition and stabilization is not a trivial task, and requires an up-

graded MCL. Since a final upgraded version of the MCL was developed for a 4 × 1
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(b) Lower path.

Figure 5.12: Estimated time delay for a target delay of 50 ps, for the VOAs set to a maximum
attenuation of 45 dB.

OBFN, it is described in the next section. In addition, discussion is kept brief as a

more complete analysis is done in the next section for the complete beamformer.

All results are displayed in Fig. 5.13. The power of both input optical signals was

first equalized to be identical, and then signals were gradually attenuated by the same

value (extra attenuation). For each attenuation, 100 windows comprising 512 symbols

were retrieved from the RTSS. For each window, the signal was retrieved using very

basic DSP, and amplitude, EVM and SER were measured. Hence, for each plot there

are 100 vertical points per horizontal point. These parameters were chosen as figures of

merit, since these allow to evaluate any possible degradation. In detail, a lower EVM

is expected for higher signal amplitude. If degradation is sufficiently low such that

SER = 0, EVM still allows quantifying degradation. For reference, in back-to-back

(i.e., same experimental setup but using the alignment ports of the photonic integrated

circuit), the best EVM ever achieved was of 7.25%. Such lower limit is essentially due

to limited bandwidth (20 GHz) and effective number of bits (ENOB) (< 5.5 bits) of

the AWG.

The results show that, for sufficiently high received power, the signal was successfully

retrieved. For one path only, the EVM fluctuates significantly. The reasons for this

are not fully understood, but its believed that noise plays a dominant roll, such that in

outlying cases it produces successful signal recovery. Outliers are discussed in section

5.4.3, where it is shown that these are in fact rare but explainable. When two paths are
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5. Demonstration of the optical beamforming processor

active, the amplitude doubles which almost halves the EVM, and only small fluctuations

with some outliers are observed, until arriving to an extra attenuation of ∼15 dB.

After that value, the EVM is too high and the signal can no longer be recovered.

The representative constellations presented in Fig. 5.13 corroborate with the described

results. The representative constellations are the overlap of the constellations of the

best frames. These results validate the proposed self-heterodyne OBFN.
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(d) Lower path.
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Figure 5.13: OBFN performance with the increase of attenuation and representative constel-
lation diagrams for (a) and (b) the upper arm (lower arm fully attenuated), (c) and (d) lower
arm (upper arm fully attenuated), (e) and (f) both arms, respectively.
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5.3. 4-channel optical beamforming network

A final test was performed after obtaining the results above. The temperature of

PIC was varied from 25 ◦C to 10 ◦C, and 70 ◦C. Lower temperatures were not tested

due to water vapor condensation on the chip (Figs 5.14(a) and 5.14(b)), whereas higher

temperatures could not be achieved by the used Peltier. The chip survived these tests,

and results are shown in Fig. 5.14. The system operated as expected without significant

changes except for a variation in amplitude. Such power variation can be explained by

the changes in alignment imposed by thermal stress.
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(c) Temperature = 10 ◦C.
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Figure 5.14: (a)-(b) Water vapor condensation on the PIC when cooled to 10 ◦C. (c)-(d)
OBFN performance at a temperature of 10 ◦C and 70 ◦C, respectively.

5.3 4-channel optical beamforming network

In this section a 4× 1 OBFN is presented and its results shown and analysed. Only

one PIC was chosen and since the option of having carrier-depletion phase-shifters

prevailed, Markarian501 was the one tested. For such, a new PCB had to be designed

and produced, Fig. 5.15(a), with which a new fiber array with 16 fibers was used.

During initial characterization, three phase shifters, highlighted in the photo of Fig.

5.15(b) with red squares, did not respond to an applied voltage. We found out that

it was due to a design error where the Via 1 layer was not present, not allowing the

signal to pass to the other metal layers. The implication was that time delay tuning

is not possible in the first (upper) path. Such is not problematic as the upper path

may serve as the time reference, to which the time delays of the remaining three paths

are tuned. As for the fourth path, delay tuning can still be achieved with the only

functional carrier-depletion phase shifter.

The experimental setup was again upgraded to accommodate 4 signals, as depicted

in the schematics of Fig. 5.16(a). The corresponding testbed photo can be seen in Fig.

5.16(b).

A laser signal with a linewidth of 100 kHz and a wavelength of 1550.1 nm is split in

three paths. The wavelength change from 1545 nm to 1550.1 nm is due to the center

wavelength of available noise filters needed further in the setup. Modulation of input

RF signals is performed in the two upper paths, whereas a FSOLO is generated in
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5. Demonstration of the optical beamforming processor

(a) (b)

Figure 5.15: (a) PCB of Markarian501 PIC. (b) Markarian501 PIC bond-wired to the PCB.

the lower path. Four copies of such RF signal are generated, amplified and fed to

the two arrays of GaAs modulators. Each modulator array outputs two polarization-

multiplexed optical signals, which are pre-amplified, noise filtered and then polarization

demultiplexed. Each of the four resulting optical signals is delayed by a mechanical

delay line such that signal path lengths are equalized within the tuning range of the

TODLs of the OBFN. Each of the resulting signals is then boosted by a core of a 7-core

MC-EDFA. The output power of each amplified signal is adjusted by a VOA before

being fed to the PIC through quasi-vertical coupling. The PIC comprises four identical

paths, each with an input phase shifter for adjusting the phase of each path, a TODL

based on a MZDI with tunable coupling ratio and with a tuning range of τ = 50 ps.

The four paths are then combined into one output signal, which in turn is split in two

copies. One copy is combined with an input optical signal and fed to a germanium

photodiode, providing the possibility of performing in-chip coherent detection. Such a

possibility was not explored in this experiment. The other copy is routed to a grating

coupler, such that the beamformed signal can be processed outside of the PIC.

5.3.1 Monitoring and control loop

As aforementioned, the MCL sets and stabilizes the amplitude, phase and delay of

each input signal. Here, we detail the operation of the MCL.

The MCL first sets the TODLs as described in [63] to minimize the relative delay

among signals. Given that the configured delays remain stable over time, as previously

described.

Once the TODLs are configured, the power of all signals is equalized as follows. The

power of each signal is measured one at a time, with all other signals fully attenuated

to avoid any measurement error. The power of the weakest signal is then subtracted

a margin of 1 dB, resulting in a reference power Pref. Each signal is attenuated until

its power falls within Pref ± Pthres, where Pthres = 0.1 dB. At this point the extra

attenuation is of 0 dB.
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Figure 5.16: (a) Schematics of the experimental setup of the 4 × 1 OBFN and (b) testebed
photo.

After all signals are again attenuated until the target extra attenuation is reached,

the system is ready to coherently combine all signals. The MCL is then configured to

proceed similarly to a PLL, with each iteration described as follows. Dithering tones are

simultaneously generated with a default amplitude of 50 mV, and with a frequency of

fd,k = 500(k+1)Hz. Phase shifter β of path k thus is dithered at a frequency fd,k. The

DSC then configures the ADC to capture 128 samples at 64 ksample s−1. The dithering

tones are deactivated once all samples have been captured. The delay between the
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5. Demonstration of the optical beamforming processor

generation of the dithering tones and the sampling by the ADC was measured to be

fairly constant, with a jitter of only a few ns. The samples produced by the ADC

are processed by the DSC to extract the dithering tones with the highest frequency,

i.e., f2 + fd,k, from which the phase of each optical signal is estimated. Even though

the estimated phases have an undetermined phase reference, such a phase reference is

the same for all estimated phases. As a result, all paths have the same phase if all

estimated phases are identical, regardless of the common value.

The objective of the MCL thus is how to achieve so by producing the smallest possi-

ble adjustment to the phase shifters β. Given that voltage adjustments are proportional

to estimated phases, the solution is to minimize the variance and average value of the

estimated phases. Such is performed as follows. A vector containing the estimated

phases is first sent to the computer. Variance is minimized by adding or subtracting

2π to each estimated phase; if the resulting variance is reduced, the estimated phase is

updated. Once the variance has been minimized, the average of the vector containing

the updated phases is set to zero. The voltage offset to be applied to a given phase

shifter is varied by the estimated phase multiplied by a gain factor, which by default

is −0.2 V/π. If the new voltage offset is higher than Vmax = −0.7 V or lower than

Vmin = −1.5 V, it is reset to (Vmin + Vmin)/2 = −1.1 V. This is necessary to guarantee

that the phase shifters β operate within voltage limits. The new voltage offsets are

transmitted to the DSC, which updates the DACs associated with the corresponding

phase shifters β.

The measured duration of each iteration and thus the period of the MCL was of

100 ms, dominated by the communication time between the DSC and the computer,

performed via universal serial bus (USB).

5.3.2 Dealing with intercore crosstalk

The first experimental setup was a direct extension of the one used for Schmetterling,

from 2 to 4 paths. However, given that the MC-EDFA became ready for using at the

same time as the third-generation chips, both were tested at the same time. The MC-

EDFA has 7 input fibers and 7 output fibers, each corresponding to one core, and

allows setting the current of the co- and counter-propagating pump laser diodes. By

default, all pumps have identical currents.

The MC-EDFA was first characterized before being integrated in the setup. The

gain of all cores was measured, in order to choose the suitable ones for the different

stages of amplification in the system. The results are shown in Fig. 5.17. The gains are

all around ∼25 dB, and the saturation power is at ∼9 dBm. With such information,

the cores could be sorted in terms of gain and maximum output power.

Given the good performance of all 7 cores, they were originally all used in the setup,

as shown in Fig. 5.18(a). The central core, which is the one with highest gain and

maximum output power, would be assigned to the OLO, the following four cores with

highest gain would be the four signal post-amplifiers, whereas the remaining two cores
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Figure 5.17: Output vs. input power for each core of the MC-EDFA. The input is a laser
signal with a wavelength of 1545 nm.

would be the signal pre-amplifiers. An optical filter is inserted between pre- and post-

amplifiers for noise filtering, and, if more power is needed, to suppress the RF sideband

that is not heterodyned and/or further suppress the residual optical carrier.

The experimental setup included matching all five path lengths (4 signals and the

OLO). Nonetheless, intense power fluctuations were observed in either signal or OLO

outputs, of at least 1 dB peak-to-peak. Figure 5.19 shows that core 7 (OLO) is contam-

inated by crosstalk originated by the other cores of the fiber, and the OLO-to-signal

crosstalk ratio reaches 14 dB. Given that the common-mode rejection ratio (CMRR)

of the used coherent receiver is of ∼12 dB [165], this means that the relative power of

crosstalk in the output RF signal will be of Crosstalk - CMRR = −14− 12 = −26 dB.

However, a difference of −51 dB between the power of the input signal at the coherent

Rx and the OLO, was measured. As such, the relative signal power is much lower

than the spurious power. This makes it unfeasible to recover the signal. Given this,

another architecture had to be implemented. An individual Erbium-doped fiber am-

plifier (EDFA) for the OLO was the obvious solution, as having a spurious-free OLO

is mandatory when detecting such weak signals. Nonetheless, signal-to-signal crosstalk

between cores 1-6 prevailed.

Figure 5.18(b) shows the second setup design. The crosstalk was still too high,

rendering even the time delay estimation using pilot tones unfeasible. The conclusion

was that the final architecture had to consist on two independent EDFAs for pre-

amplification, and four cores of the MC-EDFA as post-amplifiers, as shown in Fig.

5.18(c). Using four out of the seven cores has the advantage that each core only

has another adjacent core producing crosstalk. As a result, crosstalk finally became

manageable. Since the VOAs were set after the MC-EDFA, inter-core crosstalk was
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Figure 5.18: Evolution of the setup with the MC-EDFA integrated in the system.

still present even when considering one path at a time. Hence, two ways of managing

the crosstalk for setting up the TODLs were tested:

1. All four cores of the MC-EDFA are fed with the respective input optical signal,

i.e., inter-core crosstalk is present;

2. Only the core corresponding to the path at which the TODL is being tuned is

fed with its optical signal, i.e., inter-core crosstalk is non-existent.

The results for scenarios 1 and 2 are presented in Figs. 5.20 and 5.21, respectively.

For the second approach, all paths converged smoothly towards the target delay. Such

was not true for the first approach, especially for paths 2 and 3. These paths were

the most impaired by inter-core crosstalk, meaning that pilot tones from other paths
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Figure 5.19: Spectrum at the output of the core 7.

interfere coherently, thus disturbing the monitored pilot tones. Thus, the second case

was implemented and the time delay estimation was calculated with one path at a time

effectively connected, while beamforming had to be performed with all paths connected.

Only after solving the inter-core crosstalk of the MC-EDFA were the GaAs MZM

arrays integrated in the system. During the packaging of the modulators some problems

occurred in which made one of them to have a better performance than the other.

The first MZM array has between 14 to 15 dB insertion loss in each output, with an

ER > 30 dB, while the second MZM array has between 17 to 18 dB insertion loss in

each output, with an ER > 28 dB. These insertion losses are considerable, but could

be compensated by increasing the laser power, not posing any constraint to the system.

All modulator bias voltages are provided by the DAC PCB, already used for driving

the phase shifters of the PIC. Figure 5.22 shows both modulator arrays.

5.3.3 Equalization of the time-delays

The first step in TTD beamforming is to define the delay of each path. With the

proposed system, such delay can be tuned between 0 and τ = 50 ps. The tuning process

of the TODLs is shown in Fig. 5.23. As observed in the leftmost plots, the first path

results in an estimated time delay of 0 ps, and thus is used as time reference. The

remaining plots show that the TODLs can be tuned within its full range.

5.3.4 Photonic beamforming

After properly setting the TODLs, real-time beamforming was performed by defining

and stabilizing the phase of each path. In order to validate beamforming, all four signals
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Figure 5.20: Delay equalization of the setup described in the first approach: all four cores of
the MC-EDFA arefed with the respective input optical signal.

were added in phase and with identical input powers, aiming to increase the output

signal amplitude by a factor of four. Figure 5.24 shows that regardless of the chosen τset

the beamformer presented similar performance for all cases. This shows that the power

equalization between paths was well done and that the TODL indeed do not degrade

the signal as predicted from the numerical assessment presented in Chapter 3. Some

obtained constellations, EVM and output signal amplitude are shown in Fig. 5.24. The

constellations show that regardless of the extra attenuation set by the VOAs, there is a

clear improvement when the number of enabled paths is doubled. The expected fourfold

improvement was verified in the amplitude of the downconverted QPSK signals, and

also in the decrease of the EVM for an extra attenuation of 12 dB. Nonetheless, the

main objective of beamforming is to improve the SNR of the output signal, which
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Figure 5.21: Delay equalization of the setup described in the second approach: only the core
corresponding to the path at which the TODL is being tuned is fed with its optical signal.

means that a signal beamformed from N paths and with an extra attenuation of 4N

should have an EVM lower than a signal beamformed from N/2 paths and with an

extra attenuation of N . As indicated by the black dashed lines in Fig. 5.24(d), such

was verified in three out of the four cases.

5.4 Photonic beamforming of one and two beams

This section presents the final results taken during this thesis, that resulted in the

demonstration of photonic beamforming of one and two beams.
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Figure 5.22: Setup of the MZM arrays.

Experimental setup

The setup is shown in Fig. 5.25. The main difference from the setup shown in Fig.

5.16(a) is that, within the PIC, the four delayed signals are combined into a processed

output signal which, in turn, is split in two copies. One is routed to an external power

meter, which is connected to the MCL. The other is combined with an OLO and fed

to an integrated SiGe-PD, thus being coherently detected. The resulting electrical

signal is amplified by an external TIA with two differential outputs, one of which is the

electrical output signal of the photonic processor, as observed in the microscope photo

in Fig. 5.26(b).

The operation of the proposed photonic processor was again validated by setting

it up to coherently add four identical RF signals with equalized power. The down-

converted pilot tones looked clean and strong in the previous setup. However, in the

present configuration, in which a coherent detector integrated in the chip comprises

a single PD, instead of a BPD, the delay estimations were varying overtime, being

unreliable. This is because when using a BPD, the signal-signal and OLO-OLO beats

are affected by 12 dB, the CMRR of the used coherent receiver [165]. This means that,

if the OLO has spurious tones, the OLO ends up cleaner. Such is no longer true when

using a single PD, which is equivalent to having a CMRR of 0 dB. In this case, two

distortion sources for the OLO were observed. First, given that the OLO is generated

from a 26 GHz tone produced by the AWG, with limited ENOB, the spectrum of the

OLO showed multiple spurious tones spaced by 2 GHz. Second, crosstalk between the
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Figure 5.23: (a) First TODL path serving as time reference. (b-d) Tuning of the TODLs for
τset = 0, 25 e 50 ps.

channels 1 and 4 of the AWG was observed, as shown in Fig. 5.27, due to the configured

maximum RF voltage amplitude of 1 V.

Figure 5.27 makes it clear that a 26 GHz tone is modulated onto the input RF signals,

and such tone is only 10 dB below the pilot tones. Based on such a performance from

the AWG, another signal generator had to be used to generate the OLO tone at 26 GHz.

The average power at different points of the system is detailed in Table 5.1. For the
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(a) One path enabled. (b) Two paths enabled.
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Figure 5.24: (a-c) Photonic beamforming performance with the increase of the extra atte-
nuation. (d) Upper plots: best constellations obtained for 1, 2, and 4 enabled paths for an
extra attenuation of 0, 6 and 12 dB. Lower plots: average amplitude and EVM of the output
QPSK signals. Error bars quantify the standard deviation over 100 measured frames.

bottom four lines, paths other than the enabled one are attenuated by at least 30 dB.

Electro-optic modulation is very lossy (> 30 dB) mostly because the RF frequency of

28 GHz is beyond the 3 dB cutoff frequency of some of the modulators (23, 23.8, 28.4

and 29.2 GHz), and especially of the AWG. The total insertion loss of a single path

accounts for the efficiency of the input and output grating couplers (∼ 2 × 4.5 dB),

the loss of the phase-shifter β (∼ 2 dB), the loss of the phase-shifters φ1,2 (∼ 10 dB),

the loss of the phase-shifters γ1,2 (∼ 2 dB), and the inherent loss of the combining

network of 6 dB. All of these losses amount to 29 dB. The remaining losses (∼ 6 dB)

are waveguide propagation losses (∼ 1 dB cm−1), and mainly the result of non-ideal

alignment between fibre array and grating couplers.

92



5.4. Photonic beamforming of one and two beams

QPSK

Upsampling

RC Filter

Upconv. to 28 GHz

ϕ1

ϕ2

γ1τ

γ2

PIC

I+
I-
Q+
Q-

 

Main Board

ch1
ch1

Master
CLK

ADC

Processing of the 
pilot tones(1)

+

 Control

Aest1, δ1

Acquisition
+

Processing of the
pilot tones(2)

γ1τ

γ2

γ1τ

γ2

γ1τ

γ2

4 4

β
ϕ1

ϕ2

ϕ1

ϕ2

ϕ1
ϕ2

5

β

β

β

Real-Time
Sampling
 Scope

14

fref = 10 MHz

26 GHz

2 MZM
arrays

Delay

OF

OF

MC-EDFA

1

5

6

2

1
4

f [GHz]
27.4

28

VOA 

VOA 

VOA 

VOA 

f [GHz]
280 26

f [GHz]
20 1

Delay

Delay

+
1

DSC Computer

+
1

+
1

+
1

Timer
fs

LOin RF IQ
demodulator

Aest2, δ2

~
~

f2,LO = 2.6 GHz - 5 kHz

f1,LO = 1.4 GHz - 2 kHz

Power
meter

+
1

+
1

TIA

(1) valid during ajustment of the TODL
(2) valid when performing beamforming

Delay

23 DACs

~
ch1 ch1

USB

T
e
st

 e
q

u
ip

m
e
n

t
S

e
lf

-h
e
te

ro
d

y
n

e
 c

o
h

e
re

n
t 

p
ro

ce
ss

o
r

M
o

n
it

o
ri

n
g

 a
n

d
 C

o
n

tr
o

l 
L
o

o
p

f [GHz]
0

ADC bandwidth

2 kHz

5 kHz

28.6

Amp., EVM, SER

Downsampling

Low-pass filtering

Freq. downconvertion

+

Norm

Arbitrary Waveform
Generator

Offline processing
f1 = 27.4 GHz

f2 = 28.6 GHz

Norm

0.1

~

~

+

f [GHz]
28

f [GHz]
28

TODL

RFin

Const. derivation

Figure 5.25: Schematics of the experimental setup with the integrated SiGe PD.

(a)

PIC

bias tee

TIA

termistor

(b)

Figure 5.26: (a)-(b) PIC is bond-wired to a PCB, which provides lateral DC access to the
phase shifters and to a thermistor, and two RF connectors for accessing the differential
outputs of the TIA. The pads of the SiGe-PD are bond-wired to a bias tee, which interfaces
the photodiode with the TIA.

Equalization of the time delay

Once again, after modifying the setup, the TODLs had to be tuned between the

desired range. The equalization of the delays is shown in Fig. 5.28. The successful

equalization allows to proceed to the next step, photonic beamforming.
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Figure 5.27: Optical spectrum at the output of the PIC. Note that at this point the OLO is
still to be added to the optical signal.
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Figure 5.28: Tuning of the TODLs of each path (first TODL path serving as time reference).

Photonic beamforming

The obtained results are summarized in Fig. 5.29. As expected, the amplitude of

the output signal increases proportionally to the number of enabled paths. However,

the EVM is more than halved when the number of enabled paths is doubled. Although

the added signals are identical, these have different noise sources as these are ampli-

fied by different electrical and optical amplifiers. Therefore, coherently adding the

signals increases the SNR of the output signal, thus explaining why the EVM is more

than halved. These results validate the operation principle of the proposed photonic

processor.

5.4.1 Single-beam beamforming

As depicted in Fig. 5.30(a), demonstrating the photonic processor depicted in Fig.

5.25 as a photonic-aided payload receiver involves connecting the processor to a PAA
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5.4. Photonic beamforming of one and two beams

Table 5.1: Average optical power at different points of the system depicted in Fig. 5.25.

Point of the system Power [dBm] Comment

Laser output +9.99 Programmed value
Output of modulator array 1 −35.8 EDFA 1 Input
Output of modulator array 2 −28.7 EDFA 2 Input
Output of IQ modulator −13.6 EDFA 3 Input
Output of EDFA 1 +8.8 Gain of 44.6 dB
Output of EDFA 2 +3.9 Gain of 32.6 dB
Output of EDFA 3 +6.0 Gain of 19.6 dB
Output of optical filter 1 −8.1 Filter at the EDFA 1 output
Output of optical filter 2 −4.2 Filter at the EDFA 2 output
Input of MC-EDFA of path 1 −16.3 Core no. 1
Input of MC-EDFA of path 2 −15.9 Core no. 5
Input of MC-EDFA of path 3 −15.1 Core no. 6
Input of MC-EDFA of path 4 −15.5 Core no. 2
Output of MC-EDFA of path 1 +9.9 Gain of 26.2 dB
Output of MC-EDFA of path 2 +9.9 Gain of 25.8 dB
Output of MC-EDFA of path 3 +11.6 Gain of 26.7 dB
Output of MC-EDFA of path 4 +11.2 Gain of 26.7 dB
Output of VOA of path 1 +9.4 VOA att. set to 0 dB
Output of VOA of path 2 +9.7 VOA att. set to 0 dB
Output of VOA of path 3 +11.3 VOA att. set to 0 dB
Output of VOA of path 4 +10.1 VOA att. set to 0 dB
Output of the PIC: path 1 enabled −27.4 Total insertion loss: 36.8 dB
Output of the PIC: path 2 enabled −23.7 Total insertion loss: 33.4 dB
Output of the PIC: path 3 enabled −24.1 Total insertion loss: 35.4 dB
Output of the PIC: path 4 enabled −25.1 Total insertion loss: 35.2 dB

receiver, and feeding multiple beams from different directions to the PAA. However,

the processor requires adding pilot tones to the received signals. The simplest way

of adding pilot tones to all signals is to use a dedicated antenna for transmitting the

pilot tones to the entire PAA receiver. Such approach does not impact the low-noise

amplification stage located right after the PAA receiver, as pilot tones are by definition

much weaker than the input signals. The amplitude and phase of the pilot tones depend

on the position of a given antenna element of the PAA receiver. Nonetheless, given

that the position of the dedicated antenna is fixed, such a dependency can be calibrated

and therefore compensated.

The simplified experimental setup used for demonstrating single-beam beamforming

is shown in Fig. 5.30(a). For a matter of simplicity only a single channel of the AWG is

used, meaning that beam and pilot tones are simultaneously generated and transmitted

by a single Tx antenna. Due to power limitations, the Tx is positioned 15 cm from

the PAA receiver, which comprises four antenna elements uniformly spaced by 20.1 cm.

Those settings can be observed in Fig. 5.30(b). All antennas are horn antennas with a
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Figure 5.29: (a) Average amplitude, EVM and SER of the output signal obtained when
adding one, two and all four signals. (b) Representative constellation diagrams of the output
signal obtained without extra attenuation.

gain of 9.7 dBi at 28 GHz [166]. The photonic processor was configured to coherently

add the four input signals with equalized power and time delay. As a result, optimized

beamforming is expected regardless of the position of the Tx antenna. In order to

validate such a statement, the Tx antenna is placed at three positions. As depicted in

Fig. 5.30(a), at position k the Tx antenna is equidistant from the antenna elements k

and k + 1. All details of the experimental setup and test procedures are described in

the Supplementary Information of [64].

The results displayed in Figs. 5.30(c), 5.30(d) and 5.30(e) show that beamforming

was achieved for all positions of the Tx antenna. When taking as reference a given

signal amplitude, the system provides a performance similar to the observed in Fig.

5.29(a). Such allows to conclude that the introduction of a wireless link did not produce

any impairment other than the unavoidable free-space path loss. Assuming that all four

paths of the photonic processor provide identical performances, the output signal with

lowest EVM should be obtained when the PAA receiver receives the maximum amount

of power. Such case corresponds to placing the Tx antenna at position 2. A higher

EVM should thus be obtained for positions 1 and 3. Both statements are confirmed

by the experimental results. However, the output signal with the highest amplitude

is not obtained when placing the Tx antenna at position 2, but at position 3. Such

observation does not prove any inconsistency, as a signal with a higher amplitude does

not necessarily have a higher SNR.
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Figure 5.30: a) Schematics of the setup: the Tx antenna is placed at three different positions,
and (b) photo. Average (c) amplitude and (d) EVM of the output signal when adding one,
two and all four signals, for the different positions of the Tx antenna. (e) Representative
constellation diagrams of the output signal obtained without extra attenuation.

5.4.2 Multi-beam beamforming

The demonstration of a flexible photonic-aided payload receiver must assess its ca-

pability of separating multiple beams. In order to achieve so, the experimental setup

depicted in Fig. 5.31(a) is considered. An additional Tx antenna is connected to the

second channel of the AWG for producing the second beam, as observed in the photo of

Fig. 5.31(b). The final demonstration setup for a multibeam flexible photonic beam-

former is the shown of Fig. 5.32. The AWG generates two identical RF signals with

parameters as previously defined, however carrying distinct symbol patterns. Pilot
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Figure 5.31: (a) Two-beam beamforming setup and (b) photo. (c) Representative constel-
lation diagrams of the output signal obtained when one Tx antenna transmits the signal
beam (S) and the other the interfering beam (I). (d) EVM of the output signal for different
combinations of enabled paths and beams. All tests were made without introducing extra
attenuation.
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5.4. Photonic beamforming of one and two beams

tones are added only to one of the signals. Given that the photonic processor automat-

ically points the receiver towards the direction from where the pilot tones originate, the

processor automatically beamforms the beam to which pilot tones are added. Both Tx

antennas should be as far as possible from the PAA receiver such that the angle of inci-

dence of each beam is identical for all antenna elements of the PAA receiver. However,

limited transmitting power forces placing the Tx antennas near the PAA receiver, at

about 40 cm, even when using extra broadband amplifiers for boosting the transmitted

power. Nonetheless, by setting the antenna Tx2 12 cm apart from the antenna Tx1, the

estimated power of the beamformed beam is 18.8 dB1 higher than the other (interfer-

ing) beam. The setup thus poses no physical restriction to separating one beam from

the other. Four cases are thus considered: beam 1 and pilot tones launched from Tx1,

Tx1(S), beam 1 and pilot tones launched from Tx1 and beam 2 launched from Tx2,

Tx1(S)+Tx2(I), beam 2 and pilot tones launched from Tx2, Tx2(S), and beam 2 and

pilot tones launched from Tx2 and beam 1 launched from Tx1, Tx2(S)+Tx1(I).

The results displayed in Figs. 5.31(c) and 5.31(d) show once again that single-beam

beamforming is achieved for both beams, regardless of the number of added signals.

However, such is not the case when transmitting two beams. When a single path is

enabled, the receiver is unable to distinguish one beam from the other. As both beams

produce a similar RF power at any antenna element of the PAA, the photonic processor

basically adds the two beams with identical weights, thus corrupting the beam intended

to be beamformed. The activation of two paths enables six different combinations of

pairs of antenna elements. Each combination results in a different nulling capability.

Such explains why beam separation is achieved in some combinations (e.g., 1+2 and

3+4), and not in others (e.g., 1+3 and 2+4). The activation of all four paths provides

clear beam separation as expected. The results also show that the performance of the

various paths is not identical. Such a non-uniformity in performance in unavoidable,

given that signals input to different paths are processed by different devices, such

as electrical amplifiers, modulators and optical amplifiers. Nonetheless, such non-

uniformity in performance is mitigated as more paths are enabled, and performance

ends up being very similar for both beams when all four paths are enabled.

5.4.3 Stabilization provided by the monitoring and control

loop

The purpose of the MCL is to provide optimized beamforming steadily over time,

which can be observed by monitoring the EVM of the output signal over time. Such

a test was conducted over 30 s with the same setup as depicted in Fig. 5.25 with

deactivated and activated MCL. Results are shown in Fig. 5.33.

1
∑N=4

n=1 sin(θTx1
n )∑

n=1N=4 sin(θTx2
n )

≈ 18.8 dB, where θTx1
n is the phase of the RF signal emitted by Tx1 that is

received by the nth AE, and θTx2
n is the same, but concerning the RF signal emitted by Tx2. Such

phases are proportional to the distance between a transmitter-receiver pair of antennas, d, such that
θ = 2π · d/λRF, where λRF is the RF wavelength.
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5. Demonstration of the optical beamforming processor

Lucky
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Figure 5.32: Final testbed demonstration of the multi-beam self-coherent photonic processor.
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Figure 5.33: EVM variation over time when the MCL is deactivated (top) and activated
(bottom).
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5.4. Photonic beamforming of one and two beams

When the MCL is deactivated the phase of each signal wanders freely, which means

that so does the EVM of the output signal. As a result, the system underperforms

unacceptably most of the time. A minimum EVM of 10.5 % is achieved, marking the

lowest possible EVM that can be reached. The reasons for being the lowest possible

value are the following. First, dithering tones are deactivated, which means that weak

but parasitic phase modulation does not impair the QPSK signal. Second, the phase-

shifters β are biased at (Vmax + Vmin)/2 = −1.1 V, which results in a constant voltage-

dependent attenuation of 3 dB in all signals. Therefore, when the signals happen to be

aligned in phase, best-performing beamforming takes place.

When the MCL is activated the EVM is stabilized to an average value of 22 %,

which demonstrates correct PLL operation, even though with a performance penalty

and with sporadic outliers. This also confirms that the period of the MCL of 100 ms

is sufficient to track phase wandering. As explained in the previous paragraph, the

performance penalty is caused both by the parasitic phase modulation imposed by

the dithering tones, and also by a variable voltage-dependent attenuation imposed

by the phase-shifters β. Such an attenuation can reach 1.2 dB for a bias voltage of

Vmax = −0.7 V. The fluctuating EVM around its average value is also due to voltage-

dependent attenuation imposed by the phase-shifters β.

An outlier occurs whenever there is a reset of at least one phase-shifter β to (Vmin +

Vmin)/2 = −1.1 V, corresponding to an abrupt phase variation of ±π. As a result,

beamforming gets temporarily disrupted until the MCL converges to phase equaliza-

tion amongst signals. Resetting can be avoided using endless phase shifters, similarly

to endless polarization controllers [167]. An endless phase shifter comprises at least

two independent phase shifters, each with a dynamic range of 2π. Nonetheless, the

disruption caused by the reset of a phase shifter decreases with the number of AEs, N .

5.4.4 Impact of dithering tones

Dithering tones impose a weak but parasitic phase modulation, which is discussed

in this section. In order to do so, the RTSS was triggered with the generation of

the dithering tones, configured with a sampling frequency of 6.25 Gsample s−1, and

with a total time window of 8 ms. Dithering tones with different amplitudes were

experimented. The dithering tones were configured to run during 2 ms. Results are

shown in Fig. 5.34.

A slight disruption of both EVM and amplitude is observed even for the default

amplitude of 50 mV. Such a disruption becomes practically negligible when the ampli-

tude is reduced to 25 mV. The MCL fails to perform at the lowest amplitude of 10 mV,

as the EVM increased instead of at least stabilizing. Setting the highest amplitude of

100 mV results in a severe disruption of the output signal.

As a conclusion, for the presented system the amplitude of the dithering tones should

be between 25 and 50 mV.
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Figure 5.34: EVM and amplitude of the output signal over time. Dithering tones are activated
at around 0 s, with different amplitudes for each curve.
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CHAPTER 6

Conclusions

Satellite communications have been evolving and growing fast since mid 1960s with

the creation of INTELSAT, the international legal entity for international satellite com-

munications. At that time, satellite communications were seen as an alternative exotic

technology. It was only during the new millennium that satellites firmly became a main-

stream communications service provider. Nowadays, satellite communications offers a

wide array of services such as direct data, video and audio broadcasting and cellular

mobile satellite communications. The preferred orbit for communication satellites is

GEO; however, the notoriety of LEO communications has increased due to increasing

need for more bandwidth and lower latency. Driven by different motivations over time,

satellite communications have continuously increased their data transmission rates and

capacity giving origin to the most powerful equipment satellites: the HTCS.

Future HTCSs will have to do better than just increasing capacity: they must

become capable of providing flexible coverage for best serving fast-evolving user needs.

Both requirements can only be achieved by adopting a reconfigurable antenna – a

PAA – which in turn requires a massive signal processor, the BFN. While different

implementations of the BFN have been discussed – analogue, digital or photonic-aided –

the unique miniaturization and low-loss capabilities enabled by the latter puts photonics

in a leading position. Nonetheless, a viable photonic-aided payload must comply with

key features such as being scalable, modular, miniaturizable, and having an architecture

resembling an RF payload. Devising a simple, scalable and low-speed stabilization loop

has proved to be the last challenge to overcome before such a photonic-aided payload

could be demonstrated. The work presented in this thesis shows that such a challenge

was indeed overcome, paving the way for a photonic revolution in HTCS payloads.

A disruptive photonic beamforming technique suitable for implementation in a sil-

icon photonics platform, based on self-heterodyne detection, was developed. The

proposed receiver uses a single wavelength and resorts to heterodyne detection to



6. Conclusions

frequency-downconvert the retrieved beams, thus being as close as possible to an RF

heterodyne receiver. Extensive theoretical modeling and numerical simulations were

performed. A total of 14 PICs were designed and produced in 3 tape-outs, such that

a complete demonstration of the proposed OBFN could be made. A testbed was built

over time according to the different generations of chips, culminating in a fully operatio-

nal testbed integrating the first generation devices produced within project BEACON.

A theoretical analysis of the system based on a set of TODLs and on self-heterodyne

coherent detection was derived to demonstrate its operation. The analytical results

show that the system is robust to realistic impairments such as third-order harmonic

generation, finite ER and bias deviations of the MZMs, imbalance between the photo-

diodes of the BPD and non-ideal phase noise cancellation. The power budget analysis

shows that for a fixed set of input powers the output power is independent of the num-

ber of AEs. A numerical assessment showed that the degradation imposed by non-ideal

phase noise cancelation is negligible for realistic laser linewidths. The dominant distor-

tion, introduced by the non-ideal frequency response of each TODL was shown to be

caused by narrowband filtering, and not by group delay distortion. Such a distortion

increases with the number of AEs, as so does the target of the TODLs, of τ . The

distortion observed in the output signal was shown to be the average of the distortion

imposed by all TODLs. This means that the worst-case performance of the system can

be conservatively estimated by considering a system with a single AE, the same value

of τ , and the worst case value of φ = π
2
. Crosstalk was shown to be deleterious, as it

cannot be compensated by the OBFN, and produces noise-like degradation. Overall,

theoretical and numerical assessment did not reveal any insurmountable constraint to

implement a self-heterodyne OBFN.

The experimental work started with the first generation of PICs. The initial goal

was to demonstrate the operation principle of the proposed TODL, but only after

comparing the three different phase shifter technologies: thermo-optic, carrier-injection

and carrier-depletion. As expected, different phase shifter technologies have different

benefits and disadvantages. For instance, thermo-optic phase shifters have a very simple

structure and zero extra loss, but it consumes a significant amount of power. For this

application, carrier-injection phase shifters do not present a significant advantage over

thermo-optic phase shifters, despite the smaller footprint, since they have a similar

power consumption. Carrier-depletion phase shifters have the advantage of having zero

power consumption, although at the cost of having a larger footprint and high insertion

losses. Given that there was not a dear winning technology, we decided to prioritize low

power consumption, therefore choosing carrier-depletion as the preferred technology.

The reason for prioritizing power consumption is the aggressive scaling of the number

of phase shifters in an OBFN: the number of phase shifters scales with N ×NB, where

N is the number of AEs and NB is the number of beams. As a result, following work

was centered around PICs based on carrier-depletion phase-shifters. Still, the first

generation of the PICs with the different technologies was tested. All tested samples

worked, and the operation principles of the TODL and of the self-heterodyne coherent
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detector on which the beamformer is built on were experimentally validated. A first

version of MCL for operating a TODL was also demonstrated.

Given the choice of carrier-depletion phase shifters, the work in the second generation

of chips was focused only on the PIC Schmetterling. The RF frequency was increased

from 4.5 GHz to 28 GHz in order to meet project BEACON’s goal of operating in the

Ka-band. The RF frequency of the FSOLO was increased accordingly, such that the RF

frequency of the output RF signal was kept the same. The output RF stage and MCL

therefore did not need to be changed. The MCL was nonetheless upgraded to allow

tuning more than one TODL, and to work as a PLL such that 2×1 beamforming would

be demonstrated. Low-frequency dithering tones were introduced by the upgraded

MCL in order for it to distinguish the different phase variations of the 2 input signals.

Equalization of the TODLs and beamforming were successfully performed. It was

also demonstrated that the pilot-aided monitoring scheme is able to handle very low

power pilot tones, thus being scalable for more paths, i.e., more AEs.

Following the same rationale, in the third generation of PICs, the experimental

demonstration was focused only on Markarian501 PIC. Custom-made devices for project

BEACON were integrated in the setup: two arrays of MZMs, and one MC-EDFA with

7 cores. Integrating the latter device brought the challenge of dealing with inter-core

crosstalk. Such deleterious effect forbade using all of the cores and multiple setups were

tried until only four of the cores were used, making inter-core crosstalk manageable.

The MC-EDFA ended up being used only as a booster for the 4 input signals.

After having manageable intercore crosstalk, the MCL was extended to 4 input

signals. 4 × 1 TTD photonic beamforming was thus successfully demonstrated. It

was also observed that SNR improves with an increasing number of input signals, also

validating beamforming.

The final demonstration included the SiGe-PD integrated in the PIC, and a wireless

link, with which single- and two-beam beamforming were successfully demonstrated.

It was also shown through dedicated tests that the stabilization loop (i.e. the PLL)

behaves stably overtime, and that the outliers thought to be frequent in previously

shown results are actually rare. However, it was shown that pilot tones impair the

system due to parasitic phase modulation imposed by the dithering tones, and by

voltage-variable attenuation imposed by the phase shifters β.

Scaling the proposed system to more antenna elements and more beams depends on

the scalability of individual modules. The OBFN is both the most important and most

challenging module to scale, as its complexity is proportional to both the number of

antenna elements and number of beams. On one hand, self-heterodyne detection makes

its basic elements – phase shifters and couplers – equivalent to their RF counterparts,

thus enabling the miniaturization of the BFN by a factor of λopt/λRF ≈ 5000 [38]. On

the other hand, as the number of required phase shifters is proportional to the number

of antenna elements of the PAA and to the number of beams, about 25000 phase

shifters are required [38]. Therefore, the development roadmap of a high-capacity and

flexible photonic-aided payload should focus on developing dense arrays of low-speed
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phase shifters with low power consumption and low insertion losses.

6.1 Future Work

The method used for interfacing depends on whether WDM is used. If not, as

considered in the present work, it requires N+1 input fibers, provided that polarization

multiplexing is also not used. Such a large number of fibers should be bundled into

a 2D fiber array, which should be precisely aligned with a set of grating couplers.

While such interfaces with these many inputs/outputs have already been investigated

[168], developing a space-qualified package requires a significant effort. Using WDM

means that only a few interfacing fibers are required, which does not pose a problem

in interfacing. However, an OLO must be allocated for each channel, and all resulting

signals have to be demultiplexed on chip, which requires large and lossy demultiplexers

[109]. It is therefore likely that a trade-off between both solutions should prove to be

the best solution.

A discussion of future directions should be split in two parts: system and devices.

From a system perspective, although challenging, scaling the proposed receiver to more

antenna elements and more beams does not require deep modifications to the basic

architecture and stages presented in Fig. 5.25. Nonetheless, although the proposed

system is based on a single laser source, multiple laser sources with different wavelengths

can be used where suitable, as the proposed system is compatible with WDM. Adapting

the proposed architecture to the transmitting stage would be straightforward, also

requiring a simpler MCL, as N -to-1 signal combination becomes signal splitting.

From a device perspective, a significant progress in PICs is mandatory such that

beamforming at least one beam in a single PIC can be envisaged. Focus should be

given to developing low-loss interfacing as well as low-loss, compact, low-power phase

shifters.

As discussed in [63], silicon PICs offer three kinds of phase shifters based on different

effects: thermo-optic, carrier-injection and carrier-depletion. These phase shifters have

different trade-offs among insertion loss, voltage-dependent loss, footprint and power

consumption, all being unacceptably underperforming in at least one of such parame-

ters. Consequently, a new kind of phase shifter should be developed. Liquid crystals

are known to have a very strong electro-optic effect, orders of magnitude higher than

materials widely used in photonics such as lithium niobate, enabling very small phase

shifters [169, 170]. They are also very transparent to light, and thus low-loss, and

are routinely integrated in LCoS matrices nowadays packing over 107 phase shifters in

less than 1 cm2 [171]. Co-integrating a reflective LCoS matrix on top of silicon PIC

using grating couplers to provide vertical interfacing appears to be a promising ap-

proach, allowing to envisage a phase shifter as large as a grating coupler, typically with

10×10µm2 [169].

Liquid crystals have a slow response on the order of 1 ms. Although such response

is fast enough for compensating phase wandering, it might be insufficient for the mo-
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dulation of dithering tones at frequencies higher than 1 kHz. Nonetheless, such is not

a problem. Even though the number of required phase shifters β is of N × NB, the

number of required dithering tones is of only N . Consequently, only N modulators are

required to produce the dithering tones. In order to avoid parasitic phase dithering of

the RF signal associated with the modulation of the dithering tones, a suitable modu-

lation scheme would be to resort to a ring modulator only modulating one of the pilot

tones [172]. While such a modulation scheme provides intensity modulation instead of

phase modulation, the operation principle behind the MCL would be the same.

The proposed coherent photonic processor can be generalized from anN -to-1 weighted

adder to a M ×N matrix multiplier without changing the MCL. Optical matrix multi-

pliers resorting to coherent optical signal processing have been proposed as a promising

alternative approach to microelectronic and opto-electronic artificial neural networks,

as once the matrix coefficients are set the multiplication takes place at the speed of

light [173]. As a single PIC can pack a very limited number of neurons, implementing

larger and more powerful networks requires multiple PICs, and therefore modularity.

Similarly to the proposed processor, scaling up to a modular implementation must con-

serve coherency between all signals in all modules, also requiring a MCL. Therefore, the

work presented in this thesis may serve as a starting point towards a modular coherent

photonic neural network.

One final suggestion regarding optical amplification. MC-EDFAs can only be used if

the intercore crosstalk is reduced. If such is achieved, there is also the need of proving

that a M -core MC-EDFA is lighter, smaller, feasible and less power consuming than

M EDFAs. For either options, it is recommendable to devise a pump sharing and

scavenging scheme, such as the one proposed in [174], for improving energy efficiency

[38].

107





Appendices





APPENDIX A

Selected Publications



A. Selected Publications

112



Publication J1

Photonic True-Time-Delay Beamformer for a Phased Array Antenna

Receiver based on Self-Heterodyne Detection

Vanessa C. Duarte, Miguel V. Drummond and Rogério N. Nogueira
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Self-Heterodyne Detection
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Abstract—In this paper, we propose a novel photonic true-time
delay beamforming system for a phased array antenna receiver.
The beamformer relies on simple tunable optical delay lines and
also on self-heterodyne coherent detection. Each tunable delay line
is implemented by a Mach–Zehnder delay interferometer with tun-
able coupling ratio, which allows varying the delay from 0 up to
the delay of the interferometer. Self-heterodyne coherent detection
allows achieving maximum sensitivity inherent to coherent detec-
tion, and also laser phase noise cancellation, photonic RF phase
shifting, and photonic RF frequency downconversion. The pro-
posed system is analytically described and numerically validated.
Numerical results show that, considering a beamsteering range
of ±30◦, the system is able to beamform the signals received by
N antenna elements with negligible distortion, thereby proving to
be very promising for high-end phased array antenna receivers
operating at high RF frequencies.

Index Terms—Mach–Zehnder delay interferometer, phased-
array antenna, photonic true-time delay beamforming.

I. INTRODUCTION

H IGH-END wireless communication systems such as radar
[1], satellite communications [2] and 5G cellular net-

works [3] all require flexible and efficient transmission of spec-
trally rich radio signals. Such requirement has brought a close
attention to phased-array antennas (PAAs), which have a unique
capability of efficiently generating arbitrary radiation diagrams.

The operational bandwidth of a PAA system depends not
only on the bandwidth of its antenna elements (AEs), but
also on the operational bandwidth of the beamforming system
responsible for processing the signals generated by or fed to the
AEs. Broadband beamforming systems cannot rely on phase
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shifters, since these have an operational bandwidth restricted to
a single frequency. True-time delay (TTD) beamforming must
therefore be employed [4]. In a TTD beamforming system,
the signals are effectively delayed instead of phase shifted.
This ensures that the progressive phase shifts experienced by
all frequencies are correct, thereby avoiding beam squinting.
Consequently, TTD beamforming systems rely on tunable delay
lines. Tunable electrical delay lines present some drawbacks
such as having increasing losses at high frequencies and pre-
senting a considerable footprint [1], [4]. These drawbacks have
been addressed by bringing photonic techniques into play, as
these have unique advantages such as low loss, large bandwidth,
immunity to electromagnetic interference and light weight [5].

Different photonic TTD beamforming systems based on dif-
ferent tunable optical delay lines (TODLs) have been reported
[6–13]. The first proposed systems were based on bulky switch-
able delay matrices, in which discrete delays are implemented
with fibers of different lengths [6]. More compact and continu-
ously tunable photonic beamforming systems based on disper-
sive devices were then proposed in [8]–[10], in which the delay
given to a signal depends on its wavelength and/or on the center
wavelength of the dispersive device. With the advent of photonic
integrated circuits, new techniques have been proposed for pho-
tonic beamforming systems, inspired in integrated digital finite
and infinite impulse response (FIR and IIR) all-pass filters. A
photonic beamforming system based on optical ring resonator
IIR filters and also on self-coherent detection was proposed in
[11], [12]. Each ring operates as a TODL, in which the time delay
is configured by controlling the power coupling ratio between
the waveguide and the ring. In [13], we proposed a TODL based
on a Mach-Zehnder delay interferometer (MZDI) FIR filter. The
time delay is configured by controlling the power coupling ratio
between the arms of the MZDI. By using a dispersive medium
as delay in the MZDI, a tunable dispersive device was first pro-
posed in [14]. The same operation principle, however with a
non-dispersive delay in the MZDI, was employed in [13] as a
TODL in a photonic beamforming system for a PAA transmitter.
Both approaches based on IIR and FIR filters have a tradeoff
among time delay, bandwidth and footprint. Nonetheless, as IIR
filters are based on resonant operation they require tighter fabri-
cation tolerances and also a good control of the power coupling
ratio [15].

In this paper, we propose a novel photonic beamforming
system for a PAA receiver. The system relies on MZDI-based
TODLs and on self-heterodyne coherent detection. The TODLs
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Fig. 1. (a) Basic architecture of the proposed photonic beamforming system
for a PAA comprising a single AE. (b) Schematics of the optical spectra at
different points of the system.

have a simple, potentially fast tuning mechanism, thereby
enabling dynamic TTD beamforming. In addition to offering
maximum sensitivity, self-heterodyne coherent detection en-
ables phase noise cancellation, photonic RF phase shifting and
also photonic RF frequency downconversion. The latter advan-
tage is very important for relaxing the bandwidth of the electrical
circuitry of the receiver. Furthermore, thanks to self-heterodyne
coherent detection and unlike the system proposed in [13], the
maximum delay of the TODLs can be defined independently of
the RF frequency.

This paper is organized in four sections. Section II presents an
analytical derivation of the proposed system. Such analysis also
addresses the distortion imposed by several impairments related
with modulation, optical local oscillator (OLO) generation and
heterodyne detection. Section III presents a numerical validation
of the system. The input RF signal parameters were chosen to
be in line with those of a return user signal received by a satellite
receiver, complying with the frequency plan presented in [16].
The system performance is assessed for a single and for multiple
AEs, with the objective of estimating a worst-case performance
limit for a PAA comprising a given number of AEs. In Section IV
the main conclusions are presented.

II. ANALYTICAL MODEL

The basic architecture and signals of the photonic beamform-
ing system for processing a single AE signal are depicted in
Fig. 1. A continuous wave (CW) signal provided by a single
laser source is split by two paths. Signal modulation is per-
formed in the upper path, whereas the frequency-shifted OLO
(FSOLO) is generated in the lower path.

In the upper path, the amplified RF signal generated by one
of the AEs drives a Mach-Zehnder modulator (MZM) biased at
the minimum transmission point. The modulated optical signal
is then amplified by an optical amplifier, phase shifted by β, and
delayed by the TODL. A phase shifter β is required to adjust the
phase of each modulated optical signal, such that in a system
with multiple AEs all signals add up with the correct phase.
The TODL is a MZDI with a time delay of τ and with tunable
coupling ratio. The power coupling ratio between the arms of
the MZDI can be tuned by the phase shifter φ, whereas γ allows

centering the frequency response of the TODL with the input
optical signal.

In the lower path, the input CW signal is modulated by an
IQ modulator (IQM), driven by a sinusoidal tone with a fre-
quency fLO , and biased in order to produce an optical carrier
suppressed single sideband (OCS-SSB) output signal. Hence,
the output optical signal is a frequency-shifted version of the
input CW signal, which serves as a FSOLO. The modulated
optical signal is combined with the amplified FSOLO and co-
herently detected using a balanced photodiode (BPD). Since the
OLO is a frequency-shifted version of the input CW laser sig-
nal, coherent detection is in fact self-heterodyne detection. In
the following lines, an analytical model of this system is derived.

A. Modulation

The input laser signal is given by

Ein (t) =
√

Pin exp (j (ωot + φPN (t))) , (1)

where Pin is the laser power, ωo is the angular frequency, and
φPN(t) represents the laser phase noise. The modulated optical
signal is given by

E (t) = Ein (t) · 1

2
√

2

[
exp

(
j

π

Vπ
(v1 (t) + VB 1)

)

+ kER exp

(
j

π

Vπ
(v2 (t) + VB 2)

)]
, (2)

where Vπ is the half-wave voltage of the MZM, v1(t) is the
alternated-current (AC) coupled electrical signal fed to the up-
per electrode of the modulator, VB 1 is the bias voltage of the
upper electrode, and v2(t) and VB 2 are the corresponding pa-
rameters of the lower electrode. The constant kER , in which 0 <
kER ≤ 1, models the extinction ratio (ER) of the MZM such that

ER [dB] = 20 log10

(
1 + kER

1 − kER

)
. (3)

Considering that the MZM is operating in push-pull mode,
one has v1(t) = −v2(t) = v(t), and also VB 1 = −VB 2 = VB .
In order to produce amplitude modulation, VB should be set to
−Vπ

π · π
2 , leading to

E (t) = Ein (t) · 1

2
√

2

[
(1 + kER) sin

(
π

Vπ
v (t)

)

− j (1 − kER) cos

(
π

Vπ
v (t)

)]
, (4)

where v(t) is the input RF signal, which be modeled as

v (t) = a (t) sin (ωRF t + θ (t)) , (5)

where a(t) and θ(t) are the amplitude and phase variation of
the input RF signal, respectively. For a matter of simplicity, let
us consider infinite ER, i.e., kER = 1, and an RF signal with
reduced amplitude, such that the MZM operates in its linear
domain. Equation (4) can be simplified to

E (t) = Ein (t) · 1√
2

π

Vπ
v (t) . (6)
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Fig. 2. Amplitude (a) and group delay (b) responses of the MZDI for different
values of φ and γ = 3π/2.

B. Tunable Optical Delay Line

After being phase shifted by β, the modulated optical sig-
nal is delayed by the TODL. The TODL output signals are
given by

[
EMZDI (f)

M (f)

]
=

1

2
√

2

[
1 j

j 1

][
ejτ (f ) 0

0 ejγ

][
1 j

j 1

]

×
[

ejφ 0

0 1

][
1 j

j 1

]
·
[

E (f) ejβ

0

]
,

(7)

resulting in
[

EMZDI (f)

M (f)

]
=

1

2
√

2

[
ejτ (f )

(
ejφ −1

)
−ejγ

(
ejφ +1

)

jejτ (f )
(
ejφ −1

)
+jejγ

(
ejφ +1

)
]

·E (f) ejβ , (8)

where EMZDI(f) is the delayed output optical signal, M(f)
is the second output optical signal, which can be used for op-
eration monitoring, τ(f) is the transfer function of the optical
delay line and E(f)ejβ is the input optical signal. Without loss
of generality, the amplitude and group delay responses of the
TODL can be derived by setting γ = π/2, as the variation of γ
only results in a displacement of the frequency response along
the frequency. Such responses are given by

‖H (f)‖2 =
1

2
(sin (φ) cos (2πfτ) + 1) , (9)

τg (f) =
τ

2

(
sin(φ) cos (2πfτ) − cos(φ) + 1

sin(φ) cos (2πfτ) + 1

)
.(10)

Fig. 2 shows the amplitude and group delay responses for
different values of φ. Both responses have a periodical behavior
with a period of 1/τ . The amplitude response is identical for
supplementary values of φ, whereas the group delay response

Fig. 3. Attenuation and group delay response of the TODL as a function of φ.

increases with φ, proving that the delay imposed by the MZDI
depends on the power coupling ratio between the arms of the
MZDI.

As depicted in inset C of Fig. 1, the modulated optical sig-
nal has two sidebands, one of which is heterodynally detected.
Without loss of generality, it is assumed that such sideband is
the one at the highest frequency. In order to have the MZDI cor-
rectly operating as a TODL, one must center such sideband at
a maximum of the amplitude response, i.e., fRF · τ = n, where
n is an integer. If such is the case, the delayed optical signal can
be approximated by

EMZDI (t) = α (φ) · E (t − τg (φ)) , (11)

where α(φ) is the attenuation imposed by the MZDI and τg (φ)
is the configured delay. These functions can be derived from
(9) and (10), by setting f · τ = n, where n is an integer. Such
functions are shown in Fig. 3.

For a matter of simplicity, the TODL is considered to be ideal
in the following analytical derivations. The impact of its non-
ideal frequency response on the photonic beamforming system
is numerically assessed in Section III.

C. Frequency-shifted Optical Local Oscillator

As observed in Fig. 1(a), input laser signal is modulated by a
dual-parallel MZM (DP-MZM), which can be modeled as

EOLO (t) =
1

2
√

2
Ein (t) ·

[
cos

(
π

Vπ,up
(vup (t) + VB,up)

)

+ exp

(
j

π

Vπ,PS
VB,PS

)
cos

(
π

Vπ,low
(vlow (t) + VB,low )

)]
,

(12)

where Vπ,up , vup(t) and VB,up are the half-wave voltage, RF
input signal and bias voltage of the upper MZM, respectively,
and Vπ,low , vlow (t) and VB,low are the same variables of the
lower MZM. Vπ,PS and VB,PS are the half-wave voltage and
bias voltage of the optical phase shifter. Considering VB,up =
VB,low = −Vπ

π · π
2 , π

Vπ , P S
VB,PS = π

2 , Vπ,up = Vπ,low = Vπ,IQ ,
and assuming reduced a modulation index, (12) results in

EOLO (t) =
1

2
√

2

π

Vπ,IQ
Ein (t) · (vup (t) + jvlow (t)) , (13)

which represents the typical response of an IQM. In or-
der to frequency-shift the input optical signal by ωLO , the
RF input signals should be given by vup(t) = AIQ cos(ωLO t)
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and vlow (t) = AIQ sin(ωLO t), where 0 ≤ AIQ ≤ Vπ /2. This
results in

EOLO (t) =
1

2
√

2

π

Vπ,IQ
Ein (t) · AIQ exp (jωLO t) . (14)

D. Coherent Detection

The optical signals at the input of the BPD are given by
[
EBPD ,1 (t)

EBPD ,2 (t)

]
=

1√
2

[
1 j

j 1

][
Gsig · EMZDI (t)

GOLO · EOLO (t)

]
(15)

where Gsig and GOLO represent the combination of amplifi-
cation and losses given to the optical signal and to the OLO,
respectively. The current produced by the BPD is given by

I(t) = I1(t) − I2(t) =
R

2

(
|GsigEMZDI(t)

+ jGOLOEOLO(t)|2 − |jGsigEMZDI(t)

+GOLOEOLO(t)|2
)
, (16)

where R is the responsivity of the photodiodes. The simplifica-
tion of (16) results in

I(t) = −1

2
RGsigGOLO

π2

Vπ Vπ,IQ
AIQv(t)

·�
{
E∗

in(t)e−jβ Ein(t)ejω IF t
}

= −1

2
RGsigGOLOPin

π2

Vπ Vπ,IQ
AIQv(t)

·sin (ωLO t − β) , (17)

where �{x} is the imaginary part of x. Equation (18) shows
that there is laser phase noise cancelation, as E∗

in(t)Ein (t) =
Pin . Using (5) in (17) and also trigonometric identities, the
photocurrent becomes

I(t) = −1

4
RGsigGOLOPin

π2

Vπ Vπ,IQ
AIQa(t)

· (cos ((ωRF − ωLO) t + θ(t) + β)

− cos ((ωRF + ωLO) t + θ(t) − β)) . (18)

The undesired tone at the highest frequency of ωRF + ωLO

can be filtered out through low-pass filtering, leading to

I(t) = −1

4
RGsigGOLOPin

π2

Vπ Vπ,IQ
AIQa(t)

· cos ((ωRF − ωLO) t + θ(t) + β) . (19)

Equation (19) shows that the original RF signal is frequency
converted from ωRF down to ωRF − ωLO . It also shows that
the optical phase shifting of β is translated into an identical
RF phase shifting due to the rejection of the received highest
frequency tone.

E. Impairments

The model derived above assumes an ideal behavior of all
devices. In practice, the impairments caused by them need to
be taken into account in order to determine the robustness of
the system. In this section, the impact of the most relevant
impairments is assessed. Starting with modulation, let us first
address harmonic generation. Considering an infinite ER, the
RF signal (5), and applying the Jacobi-Anger expansion, (4)
becomes

E(t) = Ein(t) ·
√

2

∞∑

n=1

J2n−1

(
π

Vπ
a(t)

)
· sin ((2n − 1)

× (ωRF t + θ(t))) , (20)

where Jn (z) is the Bessel function of first kind of order n.
Equation (20) shows that, besides the desired tone at ωRF ,
undesired harmonics at (2n − 1)ωRF are also produced. Us-
ing a similar analysis, it can be shown that the genera-
tion of the FSOLO also produces multiple tones, located at
(2n − 1)ωLO . Consequently, coherent detection produces tones
at (2n1 − 1)ωRF ± (2n2 − 1) ωLO , n1 , n2 = 1, 2, . . . . In or-
der to avoid that undesired tones fall at ±(ωRF − ωLO), thereby
enabling to reject them using band-pass filtering, one must have

(2n1 − 1) ωRF ± (2n2 − 1) ωLO �= ± (ωRF − ωLO) (21)

for all values of n1 and n2 except for n1 = n2 = 1. For instance,
this rules out ωLO = ωR F

2 .
Realistic modulators have a finite, non-negligible ER, which

must be considered. Considering (4) and a RF signal (5) with a
reduced amplitude, the modulated optical signal is given by

E(t) ≈ Ein(t) · 1

2
√

2

[
(1 + kER)

π

Vπ
a(t) · sin (ωRF t + θ(t))

− j (1 − kER)] . (22)

Besides the expected tones at ωo ± ωRF , the modulated op-
tical signal now also has a residual tone at ωo . By considering
(22) in (16), one can derive the output current as

I(t) = −1

4
RGsigGOLOPin

π

Vπ,IQ
AIQ .

[
1 + kER

2

π

Vπ
a(t)

· (cos ((ωRF − ωLO) t + θ(t) + β)

− cos ((ωRF + ωLO) t + θ(t) − β)) + (1 − kER)

× sin
(
ωLO t − β − π

2

) ]
. (23)

Equation (23) shows that besides the desired tone at ωRF −
ωLO and the undesired tone at ωRF + ωLO , there is now another
undesired tone at ωLO . In order to avoid such that tone falls at
ωRF + ωLO , one must have

ωRF − ωLO �= ωLO , (24)

which, once again, rules out ωLO = ωR F

2 . An identical analysis
can be performed for the IQM, in which a finite ER results
in the OLO having a residual tone also at ωo . After coherent
detection, besides the tones at ωRF ± ωLO and at ωLO , there
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is another very weak undesired tone at DC. Such tone can be
easily filtered out using bandpass filtering.

Besides harmonic generation and finite ER, one must also
consider the unavoidable drifting of the bias voltage of a mod-
ulator, which cannot be neglected even when it is kept under
control. Small but realistic drifts can be straightforwardly mod-
eled in (6) as

E(t) = Ein(t) · 1√
2

π

Vπ
v(t) + ΔVB , (25)

where ΔVB is the deviation of the bias voltage of the MZM from
the ideal value. This term, after coherent detection, produces an
undesired tone at ωLO , similarly to the one produced due to the
MZM having a finite ER. The same analysis is valid for drifts
in bias voltages of the IQM. Therefore, by carefully choosing
ωIF in compliance with (21) and (24), third-order harmonic
generation, finite ER of the modulators, and drifting of the bias
voltages of modulators do not impair the output signal, as the
resulting spurious tones can be rejected by bandpass filtering.

In order to achieve ideal frequency shifting of the input laser
signal using a DP-MZM, it is required that all electrical and
optical signals are perfectly balanced, which is unrealistic. In
practice, even though most power is located at the desired tone
ωo + ωLO , there is a residual tone at ωo − ωLO that cannot be
fully suppressed. The presence of the residual tone at ωo − ωLO

can be modeled by generalizing (14) to

EOLO(t) =
1

2
√

2

π

Vπ,IQ
Ein(t) · AIQ (kSBRexp (jωIF t)

+ (1 − kSBR) exp (−jωLO t)) , (26)

where kSBR is related with the ratio between the amplitudes
of the upper and lower sidebands, 0 ≤ kSBR ≤ 1, and ideally
kSBR = 1. After coherent detection and low-pass filtering, the
output current is given by

I(t) = −1

4
RGsigGOLOPin

π2

Vπ Vπ,IQ
AIQa(t)

· (kSBRcos ((ωRF − ωLO) t + θ(t) + β)

− (1 − kSBR) cos ((ωRF − ωLO) t + θ(t) − β)) .

(27)

Equation (27) shows that the residual tone of the OLO directly
impacts the output signal, as it promotes fading whose relevance
depends on kSBR and β. The worst case occurs for kSBR =
0.5, as

I(t) =
1

4
RGsigGOLOPin

π2

Vπ Vπ,IQ
AIQa(t)

· sin ((ωRF − ωLO) t + θ(t)) sin (β) . (28)

In this case, instead of translating into RF phase shifting,
optical phase shifting only produces pure fading.

Concerning coherent detection, the most relevant impairment
of the BPD is the imbalance between its photodiodes. This can

be modeled in (16) as

I(t) = I1(t) − bBPDI2(t)

=
R

2

(
|GsigEMZDI(t) + jGOLOEOLO(t)|2

− bBPD |jGsigEMZDI(t) + GOLOEOLO(t)|2
)

,

(29)

where bBPD models the imbalance of the photodiodes, and ide-
ally bBPD = 1. Using a single-ended detector instead of a BPD
can be modeled simply by considering bBPD = 0. Solving (29)
results in

I(t) =
R

2

(
(1 − bBPD) G2

sig |EMZDI(t)|2

+ (1 − bBPD) |EOLO(t)|2
)

− (1 + bBPD) 2RGsigGOLO�{E∗
MZDI(t)EOLO(t)} .

(30)

The first term introduces undesired tones at DC and 2ωRF .
The second term only produces a tone at DC, whereas the third
term represents the tones at ωRF ± ωLO . Consequently, in order
to suppress the first and second terms one must have ωRF −
ωLO �= 0.

Self-heterodyne detection has the advantage of enabling
phase noise cancellation, as observed in (17). However, in the
derivation of (17) is assumed that the TODL does not delay the
modulated optical signal. However, the modulated optical signal
is delayed by τg (φ), 0 ≤ τg (φ) ≤ τ , and therefore

E∗
in (t − τg (φ))Ein(t) = Pinexp (j (ωoτg (φ) + φPN(t)

−φPN (t − τg (φ)))) . (31)

The first term results in a constant phase shift, and can be
easily accounted for by adjusting the optical phase shift β. The
second and third terms show that ideal phase noise cancellation
is not achieved, as in practice φPN(t) − φPN(t − τg (φ)) �= 0.
Consequently, the worst-case scenario corresponds to having
the highest possible delay, i.e., τ(φ) = τ . Instead of resorting to
a complex statistical assessment of φPN(t) − φPN(t − τg (φ)),
a simple insight can be obtained using the concept of laser
coherence time. The coherence time is the time during which
the laser signal may be considered coherent, and is given by

τCT =
1

Δν
, (32)

where Δν is the linewidth of the laser source. Therefore, it
can be assumed that φPN(t) − φPN(t − τg (φ)) ≈ 0, as long as
τg (φ) < τCT . For realistic lasers, the linewidth can be safely
assumed to be lower than 10 MHz, leading to a coherence time
of 100 ns. As shown in Section III, such value is much higher
than typical values of τ .

F. Power budget

In order to calculate the power budget of the proposed beam-
forming system, let us first consider Fig. 4, which presents a
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Fig. 4. Proposed beamforming system for N antenna elements.

trivial extension of the basic architecture shown in Fig. 1 from
one to N AEs, again considering a single laser source. Using a
single laser source has the advantage that a single OLO and co-
herent detector are needed for multiple AEs. The disadvantage
is that the power of the laser source must be shared among all
AEs. Therefore, for a large number of AEs, one should consider
more laser sources, for example by using multiple beamforming
systems such as the one of Fig. 4, and combining their outputs
either by electrical or digital means. The laser signal is split by a
1:2 splitter, in which the upper output is in turn split by N paths,
once per AE, and the lower output is used for OLO generation.
The output signal of the nth MZM is given by the generalization
of (6) to

En (t) = Ein(t) ·
√

k1k2
π

Vπ
vn (t), (33)

where k1 and k2 are the splitting ratios of the 1:2 and 1 : N
splitters. Concerning the generation of the OLO, (14) becomes

EOLO(t) =
√

1 − k1
1

2

π

Vπ,IQ
Ein(t) · AIQexp (jωLO t) . (34)

Since the final purpose of the beamforming system is to
constructively combine the contributions from all AEs, for
a matter of simplicity let us assume ideal TODLs such that
EMZDI,n (t) = En (t) = E(t). The low-pass filtered output cur-
rent amplitude is given by the generalization of (19) to

I = −N
R

4
GsigGOLOPin

√
k1 (1 − k1) k2k3

π2

Vπ Vπ,IQ
AIQAsig,

(35)
where k3 is the coupling ratio of the N : 1 combiner. As k2 =

k3 = 2− 
l o g 2 N �
2 , for 
log2N� = log2N (35) becomes

I = −R

4
GsigGOLOPin

√
k1 (1 − k1)

π2

Vπ Vπ,IQ
AIQAsig . (36)

The average output electrical power is given by

Pavg =
1

2
I2 · RΩ =

R2

8
k1 (1 − k1) G2

sigG
2
OLOR3

Ω

×
(

π2

Vπ Vπ IQ

)2

.P 2
inPIQPsig , (37)

where RΩ is the output load, PIQ is the electrical power fed to

the IQM, and Psig is the electrical power fed to each MZM.
Therefore, the power budget of the system is given by

Pout

P 2
inPIQPsig

=
R2

8
k1 (1 − k1) G2

sigG
2
OLOR3

Ω

(
π2

Vπ Vπ IQ

)2

.

(38)
This result shows that for a fixed set of input powers the

output power is constant and independent of the number of
AEs. It also shows that the best strategy to increase the output
power is increasing the gain of the optical amplifiers associated
with Gsig and GOLO , and also increasing Pin .

III. NUMERICAL ASSESSMENT

The performance degradation caused by one or multiple
TODLs comprising a beamforming network cannot be mod-
eled by simple analytical expressions. Hence, a numerical sys-
tem simulation model was developed for an arbitrary number
of AEs. The simulation scenario is based on [16], in which the
PAA receiver of a satellite receives multiple return user beams
within a frequency range of 27.5 GHz to 30 GHz and with
a maximum spectral bandwidth of 1 GHz of bandwidth. The
modulation format is typically chosen from the Digital Video
Broadcasting - Satellite - Second Generation (DVB-S2) stan-
dard, which supports various amplitude and phase-shift keying
(PSK) formats.

An ideal CW laser with an average output power of 100 mW
was generated. A 1 GBd quadrature PSK (QPSK) data signal
pulse-shaped by a root-raised cosine (RRC) filter with a roll-off
factor of βRRC = 0.5 was generated with length of 29 symbols.
The data signal was modulated onto an ideal carrier with a fre-
quency of fRF = 30 GHz. Such signal is overdemanding for
the considered scenario, and thus provides a conservative per-
formance evaluation of the system. N copies of such RF signal
were produced, individually delayed, and fed to the N MZMs. A
modulation index of 25% relatively to Vπ was considered. The
delay given to each copy was defined according to the following
PAA specifications. The steering range of the PAA was limited
to |Θ| ≤ 30o , and the distance between adjacent AEs was of
d = 0.85λ, where λ is the wavelength of the input radio signal.
The time interval between the radio signals received by two ad-
jacent AEs is given by δ = d sin(Θ)/c, where c is the speed of
light. Hence, δ varies between ±δmax , where δmax = 14.17 ps,
and thus the copy of the RF signal fed to the nth AE is delayed
by (n − 1)δ, where n = 1, . . . , N .

Regarding the value of τ , even though the operation principle
of the TODL is analogous to the one presented in [13], in the
present case it is not necessary to define τ according to equation
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Fig. 5. Degradation imposed by laser phase noise for different values of τ in
system comprising a single AE.

(7) of [13]. As only one of the sidebands is detected, there is
only the need to center one of them at a maximum of the TODL’s
amplitude response. Therefore, the minimum required value of
τ only depends on δmax and on N , and is given by

τ = δmax · (N − 1) . (39)

The phase shifters β1 , . . . , βN , were adjusted such that
all delayed optical signals were constructively added, thereby
maximizing the output electrical power. The phase shifters of
the TODL γ1 , . . . , γN were set by default to an ideal value,
enabling a perfect alignment of the input optical signals with
the frequency response of the MZDIs.

Concerning the generation of the OLO, the IQM was fed
with a purely sinusoidal signal with fLO = 20 GHz with a mod-
ulation depth of 25%. All optical amplifiers were set with a
unitary gain. The responsivity of the BPD was of 1 A/W. The
detected signal was match-filtered by an RRC filter. The filtered
signal was finally demodulated by a typical QPSK demodula-
tor, however without any carrier phase recovery technique nor
algorithm.

Other than laser phase noise, no noise was considered at
any point of the system, meaning that signal degradation only
stemmed from phase noise, third-order intermodulation distor-
tion (IMD3), and non-ideal frequency response of the TODLs.
The error vector magnitude (EVM) [17] was the only figure of
merit used, as for slightly distorted signals the bit error rate is
consistently zero.

A. Laser Phase Noise

As observed in (31), in practice, laser phase noise is not
ideally cancelled, and therefore its impact should be assessed.
A system with a single AE was considered. In order to consider
the worst-case scenario, the TODL was set to its maximum
delay, i.e., τg (φ) = τ , meaning that degradation was caused
only by non-ideal phase noise cancellation.

As shown in Fig. 5 the EVM increases both with Δν and τ .
As expected, for τ = 0 the EVM is at its lowest, independently
of the linewidth, as phase noise cancellation is ideal. Assuming
that the FSOLO is delayed on purpose by τ/2, the maximum
absolute delay between the FSOLO and any delayed optical
signal is of τ/2, instead of τ . This means that, in practice, the
degradation quantified in Fig. 5 can be achieved for a value

Fig. 6. OIP3 for different modulation indexes of the IQM.

of τ that is twice as indicated. As an example, let us consider
a realistic linewidth of 1 MHz. For such a value, the EVM
estimated for an indicated time delay of τ = 6TRF is twice
the minimum EVM. Given the considered maximum value of
δmax = 14.17 ps, the maximum number of AEs supported by
such value is of (N − 1)δmax = 2τ , which yields N = 29 AEs.

B. Intermodulation distortion

In order to quantify the impact of modulation-imposed distor-
tion, the IMD3 was characterized. Without loss of generality, a
system with a single AE was once again considered. The MZM
was modulated by two purely sinusoidal signals with frequen-
cies of 30 and 30.05 GHz. Different modulation indexes were
applied to the IQM. In order to avoid overdrive, the maximum
modulation index was of 50%.

The input third-order intercept point (IIP3), was measured at
43.7 dBm, regardless of the modulation index of the IQM. As
discussed in Section II, the non-ideal generation of the OLO
only produces undesired tones in the output electrical signal,
which can be filtered out after bandpass filtering. Hence, the
generation of the OLO does not impact the IMD3 of the system.
The measured output third-order intercept points (OIP3) are
shown in Fig. 6. Increasing the modulation index of the IQM
from 10% to 50% results in an increase of the OIP3 of 12 dB.

C. Performance assessment for a single antenna element

The TODL has an ideal behavior only when configured for
zero or maximum delay. For any other configuration, the degra-
dation imposed to the input optical signal depends on τ , φ and
γ. In order to quantify the degradation imposed by τ and φ, in
a first stage γ was fixed at an ideal value. As shown in Fig. 7
the EVM increases with τ , and the worst-case value of φ tends
to π/2 as τ increases. Such angle corresponds to having the
lowest bandwidth in the amplitude response of the MZDI, how-
ever with an ideally flat group delay response. This means that
degradation stems mainly from narrowband filtering, and not
from group delay distortion.

The spectral width of the signal is defined by the symbol rate
and by the roll-off factor of the RRC filter. Since the symbol rate
is fixed to 1 GBd, it is important to quantify the impact of the roll-
off factor in the degradation caused by the TODL narrowband
filtering. Fig. 8 shows that for low values of τ a higher roll-
off factor enables a lower degradation. This is due to the fact
that signals with a larger spectral width have better performance
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Fig. 7. EVM (%) as a function of the maximum time delay of the TODL, τ ,
and the phase shift φ, responsible for tuning the time delay between 0 (0º) and
τ (180º), for a system comprising a single AE. The dots represent the angles φ
which result in the highest EVM for the corresponding values of τ .

Fig. 8. EVM as a function of τ for a system comprising a single AE and
φ = 90o . Different roll-off factors of the pulse-shaping filter are considered.
The insets correspond to the constellation diagrams obtained for τ = 1.5 · TRF

and τ = 10 · TRF , for βRRC = 0.5.

when narrowband filtering is negligible. However, for higher
values of τ , narrowband filtering becomes dominant. Hence,
lower roll-off factors, which result in a signal with lower spectral
width, offer better robustness against narrowband filtering.

Having quantified the impact of φ and τ for an ideal γ, it is
important also evaluating the degradation imposed from having
the MZDI decentered from the input optical signal, i.e., having
a deviation of γ from the correct value. The results are shown

Fig. 9. EVM (%) as a function of the detuning between the frequency response
of the TODL and the input optical signal, Δγ , and τ , for a system comprising
a single AE and a for φ = 90o .

in Fig. 9. As increasing values of τ decrease the bandwidth of
the MZDI the tolerance to a deviation of γ decreases with τ

These results show that the performance of the TODL de-
grades both with an increase of the spectral width of the in-
put signal, and with an increase of τ . As defined in (39), τ
increases with the number of AEs, and therefore it is impor-
tant quantifying the performance degradation of the system for
multiple AEs.

D. Performance assessment for multiple antenna elements

The performance of the system comprising multiple AEs and
experiencing a time interval between the radio signals received
by two adjacent AEs between 0 and δmax is assessed in this
section. For each set of parameters 100 realizations were run,
leading to a final accurate averaged EVM. The attenuation im-
posed by each TODL to its input optical signal, α(φ), was
compensated in order to obtain the same power for all delayed
optical signals. Further simulations without such compensation
were also performed, resulting in identical EVMs. This means
that the optical amplifiers of the system may have a constant
gain without affecting the performance of the system.

Fig. 10 shows that the EVM increases with δ and with the
number of AEs. For δ = 0 all MZDIs have φ = 0. Hence, the
delayed optical signals are not impaired by the TODLs, and
consequently the output optical signal has the lowest EVM.
However, as δ increases, so does the delay added by each con-
secutive TODL, given by

τn = δ · (n − 1) (40)

where n = 1, . . . , N . The bandwidth of the amplitude re-
sponse of the nth MZDI depends on τn , reaching a minimum
for τn = τ/2. Consequently, the delayed optical signals are sub-
ject to narrowband filtering whose bandwidth depends on τn .
The output optical signal is the addition of delayed optical sig-
nals with different levels of distortion. Hence, the distortion
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Fig. 10. EVM (%) as a function of the number of AEs and of the normalized
time interval between the radio signals received by two adjacent AEs, δ/δmax .

Fig. 11. Variation and mean value of the EVM as function of the number of
AEs. Insets: worst-case constellation diagrams for 16 and 32 AEs, respectively.

observed in the output optical signal is the average of the distor-
tions observed in the N delayed optical signals. The strongest
distortion is observed when the average value of τn is closest
to its worst-case value of τ/2. This is generally the case when
δ = δmax , as in this case τn varies from 0 up to τ . Fig. 11 shows
the variation of the EVM as a function of the number of AEs. The
dashed line corresponds to the worst performance obtained in a
system comprising a single AE with φ = 90o and with a value
of τ given by (39). Such performance is consistently slightly
worse than the one of a system comprising multiple AEs and
having the same value of τ . Consequently, in order to estimate
the worst-case performance of a complete system comprising
multiple AEs, one can simply consider a system with a single
AE, with φ = 90o , and with the same value of τ . The insets of .
11 show that the proposed photonic beamforming system does
not introduce severe distortion, even for as many as 32 AEs.

Consequently, the proposed system is suitable for a unidimen-
sional PAA with 32 AEs, or alternatively, for a bidimensional
PAA with 16 × 16 AEs.

IV. CONCLUSION

In this paper a novel photonic TTD beamformer for PAA re-
ceiver was presented. The proposed system is based on a set of
TODLs and on self-heterodyne coherent detection. Each TODL
is based on a MZDI with a time delay of τ , in which the delay
can be varied between 0 and τ by defining the power ratio be-
tween the arms of the MZDI. Self-heterodyne detection enables
maximum sensitivity, laser phase noise cancellation, photonic
RF phase shifting and photonic RF frequency downconversion.

A theoretical analysis of the system was derived to demon-
strate its operation. The analytical results show that the system
is robust to realistic impairments such as third-order harmonic
generation, finite ER and bias deviations of the MZMs, imbal-
ance between the photodiodes of the BPD and non-ideal phase
noise cancellation. The power budget was derived, showing that
for a fixed set of input powers the output power is independent
of the number of AEs.

The system was numerically assessed considering a 1 GBd
QPSK input signal centered at 30 GHz, and a unidimensional
PAA with a steering range of |Θ| ≤ 30o and with a distance be-
tween adjacent AEs of 0.85λ. It was confirmed that the degrada-
tion imposed by non-ideal phase noise cancelation is negligible
for realistic laser linewidths. Concerning the distortion intro-
duced by the non-ideal frequency response of each TODL, it
was observed that it is caused by narrowband filtering and not by
group delay distortion. For multiple AEs the distortion induced
by narrowband filtering increases with the number of AEs, as
so does the value of τ . The distortion observed in the output
signal is the average of the distortion imposed by all TODLs.
This means that the worst-case performance of the system can
be conservatively estimated by considering a system with a sin-
gle AE, the same value of τ , and the worst case value of φ = π

2 .
Reduced distortion was observed for a system comprising up to
32 AEs, which means that for the considered simulation sce-
nario, the system is suitable for a bidimensional PAA with
16 × 16 AEs.

Within the scope of project BEACON [18], future work will
take two directions. On a theoretical side, as the presented work
only addresses the impact of signal distortion, it is important
to assess the relevance of noise and beam squinting, also in a
scenario based on [16]. On a practical side, the beamformer will
be demonstrated resorting to silicon photonic integrated circuits.
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In this Letter, we propose a monitoring and control system
(MCS) for operating tunable optical delay lines (TODLs),
regardless of their operation principle and implementation
technology. The monitoring system resorts to two out-of-
band pilot tones added to the input optical signal. The
amplitude and phase difference between tones are retrieved
to the control system, which calculates and applies the
TODL control signals. The MCS was validated using a
Mach–Zehnder delay interferometer-based TODL, imple-
mented in three different silicon photonic integrated cir-
cuits (PICs). The three PICs resort to different kinds of
phase shifters based on thermo-optic, carrier-injection,
and carrier-depletion effects. The proposed MCS enabled
tuning the delay within the entire range of the TODL in
all tested PICs. The scalability of the MCS for large-scale
photonic beamformers is discussed. © 2018 Optical Society
of America
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The next generation of high-throughput satellites will need to
handle a large number of thin beams, requiring wide-phased
array antennas (PAAs) with a large number of antenna elements
(AEs) [1]. Such complex PAAs will significantly scale the RF
payload, which is already at its limit in terms of size, weight,
and power consumption (PC). Photonic technologies have
been identified as a disruptive solution to overcome such lim-
itations [2]. One of the tasks to be performed by a photonic
payload is beamforming.

Photonic beamforming systems (PBSs) consist of three basic
building blocks: phase shifters (PSs), tunable optical delay lines
(TODLs), and optical couplers. TODLs can be based on differ-
ent types of devices, such as mechanical delays [3], fiber Bragg
gratings [4], or Mach–Zehnder delay interferometers (MZDIs)
[5]. More recently, fueled by the increasing progress of photonic

integrated circuits (PICs), integrated photonic beamformers have
been proposed [6,7]. Both proposed systems rely on TODLs
implemented with all-pass filters. Such TODLs have complex
tuning mechanisms that resort to at least two PSs. So far, the
tuning of TODLs has been done either manually or using a
numerical model [8]. While these approaches are suitable for
testing one-off prototypes, a realistic and rugged system requires
a reconfigurable and active MCS. Reconfigurability involves us-
ing the same MCS for any kind of TODL or implementation
technology. An active MCS allows real-time optimization of the
TODL set point, regardless of thermal variations or aging. In
addition, given that PBSs use multiple TODLs, the MCS should
be scalable to a large number of TODLs. To the best of our
knowledge, such a reconfigurable, active, and scalable MCS
has never been presented.

In this Letter, we present an MCS agnostic to the operation
principle of the TODL, as well as to its implementation tech-
nology. The monitoring system uses two out-of-band pilot
tones added to the input signal to estimate the time delay in-
troduced by the TODL, as well as the detuning between the
transfer function of the TODL and the center frequency of
the signal. Based on such information, the control system con-
tinuously optimizes the TODL response. Given that the MCS
is based on a feedback loop, the system automatically adapts to
external disturbances, such as temperatures fluctuations, or
mechanical stress. The MCS was applied to an MZDI-based
TODL employed in the PBS proposed in Ref. [7]. The MCS
was successfully validated in three different implementations
of the TODL in silicon PICs, resorting to three different
kinds of PSs, thus proving its agnosticity to the implementa-
tion technology. The scalability of the proposed MCS from a
single TODL to a complete PBS is discussed, and different
implementations are proposed.

A generic MCS should be transparent to the input signal,
adaptable to any type of TODL and to any fabrication tech-
nology. To achieve this degree of flexibility, the MCS must
work by trial and error, at least during an initial learning phase.
A proposed implementation of such a system is depicted in
Fig. 1. Two out-of-band pilot tones are added to the input
optical signal. Each pilot tone is given by
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p1,2�t� � A1,2 exp�j�ω1,2t � δ�1,s�,�2,s���, (1)

where ω1,2 is the frequency, A1,2 is the amplitude, and δ�1,s�,�2,s�
is the starting phase of each pilot tone, such that ω1 < ω2.

A portion of the output signal is tapped so that the pilot
tones are extracted. The monitoring system first calculates
the power of the pilot tones, P1,2 � kA1,2k2, and estimates
the detuning as Δf ∝ P2∕P1. Depending on the value of
Δf , the control system actuates on the TODL input that
addresses detuning, V γ . Such an operation is repeated until
the estimated detuning becomes negligible.

Subsequently, the monitoring system calculates the phase
difference between pilot tones, given by

δ1 − δ2 � −τest�ω1 − ω2� � �δ1,s − δ2,s�, (2)

where τest � τtodl � τsist is the delay introduced by the TODL
plus that of the rest of the system, respectively. Hence, the
estimated time delay is given by

τest � −
�δ1 − δ2� − �δ1,s − δ2,s�

ω1 − ω2

: (3)

With τest known, the estimated time delay introduced by the
TODL can then be calculated as

τtodl � τest − τsist, (4)

where τTODL ∈ �0, τ�, τ being the maximum delay of the
TODL. A suitable algorithm is applied to tune the TODL
input that changes the delay, V ϕ, until τTODL becomes suffi-
ciently close to the target delay, τset. If the PS γ affects the time
delay or the PS ϕ affects the detuning, the MCS continues
working by trial and error until detuning is minimized and
τtodl becomes τset.

In the derivation above, it should be assumed that δ�1,s�,�2,s�,
τsist, and even the exact value of τ is not known beforehand.
This does not represent a problem, provided that V ϕ can be
varied across its range in a calibration procedure. As a result,
τest will vary between the minimum and maximum delay,
τmin ≤ τest ≤ τmax and, thus, τTODL � 0 when τest � τmin,
and τTODL � τ when τest � τmax.

The operation principle of the proposed MCS was validated
in an experimental setup shown in Fig. 2. A continuous wave
(CW) laser signal with a linewidth of 100 KHz and a wave-
length of 1545 nm is split into two paths.

In the upper path, an arbitrary wave generator is used to
generate the two pilot tones, at 3.9 and 5.1 GHz, which are
fed to a Mach–Zehnder modulator (MZM) biased at the mini-
mum transmission point. The modulated signal is amplified
and then delayed by the TODL. The TODL is a MZDI with

a tunable coupling ratio in which the PSs γ and H 3 allow
centering the frequency response of the MZDI with the input
signal, and the PSs ϕ1, ϕ2, H 1, and H 2 allow adjusting the
power that is coupled to the delay line τ, such that the delay
produced by the TODL, τTODL, is proportional to the coupling
ratio [7]. Such a behavior is depicted in the inset of Fig. 1.

In the lower path, the input CW signal is fed to an IQ
modulator driven by a 2.5 GHz tone such that a frequency-
shifted version of the input signal is obtained. This signal is
used at the receiver as a frequency-shifted optical local oscillator
(FSOLO). The delayed optical signal and the FSOLO are
fed to a coherent receiver, thus resulting in self-heterodyne
detection [7]. Given that the OLO is frequency shifted by
2.5 GHz, the pilot tones are frequency downconverted to
1.4 and 2.6 GHz.

The resulting electrical signal and two RF LOs with frequen-
cies f LO,1�1.4GHz−2 kHz and f LO,2 � 2.6 GHz − 5 kHz
are fed to a single RF IQ demodulator, which downconverts
the tones to 2 and 5 kHz. The resulting signal is analog-to-
digital converted at 64 ksamples/s, and then digitally processed
by a digital signal controller (DSC) from a microchip
(dsPIC33F family). The DSC handles the synchronous acquis-
ition of the pilot tones and sends their samples and timing
information to a computer. The computer first digitally down-
converts each tone to a baseband, and runs the MCS as
described. The updated PS voltages are then sent to the
DSC which, in turn, updates the digital-to-analog converters
(DACs). Given that the complete system is synchronous, pilot
tone generation and all frequency downconversion stages are
frequency referenced to a single 10 mHz tone. It is important
that both signal and OLO path lengths are equalized to maxi-
mize phase-noise cancellation [7]. A difference of approxi-
mately 30 cm between paths was estimated, which results in
quasi-ideal phase-noise cancellation.

To assess the reconfigurability of the MCS, three silicon PIC
designs were produced, characterized, and tested, each favoring
TO, CI, and CD PSs, as presented in Fig. 3 and Table 1. In
Fig. 3, from left to right, six grating couplers connected to
waveguides are present, two of which serve for a fiber-array
alignment, one as input and three for output and monitoring
purposes. Connected to the waveguide of the input port, there
are two Mach–Zehnder interferometers (MZIs). The first MZI
has two PSs, ϕ1 and ϕ2, whose implementation varies in each

Fig. 1. Basic scheme illustrating the feedback-based MCS used to
configure the delay of the TODL, τtodl, and detuning between the
input optical signal and the frequency response of the TODL,
Δf � f s − f todl, respectively. V i : voltage applied to the PS i.

Fig. 2. Experimental setup. The TODL and the MCS are set up in
a self-heterodyne receiver, as proposed in the PBS reported in Ref. [7].
The pilot tones are frequency downconverted in three stages:
photonic, RF, and digital.
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PIC, as TO, CI, and CD PS. The second MZI has a coil-
shaped waveguide in the upper arm, τ, with 50 ps, that can
also work as a TO PS, H 3. In the lower arm, there is a CI
PS, γ. Different types of PSs present trade-offs among complex-
ity, footprints, and PC. TO PSs are simple and compact, but
power hungry. CI PSs consume about half the power at the cost
of a higher implementation complexity. CD PSs have zero static
PC, in spite of requiring a long waveguide with significant loss
[9]. Thus, each kind of PS behaves differently with voltage
[10], as confirmed by the characterization results depicted in
Fig. 4. In fact, due to fabrication differences, even two identical
PSs have a slightly different behavior. If the MCS is in fact
adaptable to any fabrication technology, such dissimilar behav-
iors should not present any problem.

Each PIC was glued to an aluminum slab, and bond-wired
to a printed circuit board allowing the connection to the DACs.
Optical interfacing was performed through quasi-vertical light
coupling between a fiber array and the PIC grating couplers.
The temperature of the PICs was stabilized at 25°C.

After running a calibration procedure as previously de-
scribed, the MCS was executed for PIC 3 for τset � 0, 25,

and 50 ps. In Fig. 5, the upper plots show that detuning
was minimized until P2∕P1 fell within the configured tolerance
of �1 dB. The middle plots show that the time delay was suc-
cessfully tuned between τTODL � 0 and 50 ps. The lower plots
show the voltages needed to minimize the detuning, V γ , as well
as for tuning the time delay to τset, V ϕ1,2

. The MCS was con-
figured so as not to change the voltages applied to the PSs once
τTODL falls within τset � 5 ps.

The MCS was successfully applied to all three PICs for
τset � 0, 25, and 50 ps, respecting the voltage limits stated
in Table 1. The obtained tuning voltages are shown in
Fig. 6. As expected, in all PICs, the voltages applied to PS pairs
ϕ1,2 and H 1,2 vary in a fairly complementary way. However,
there is an exception in PIC 1 for τset � 50 ps. At this point,
for the previous value of V H 3

� 2.6 V, the MCS failed to
converge to τset � 50 ps. The MCS then slightly detuned
the MZDI by reducing V H3

to 2.3 V, and decreased
V H 1

− V H 2
, thus converging to τset. This particular case dem-

onstrates the adaptability of the proposed control system.
To confirm the stability of the MCS applied to all PICs, the

voltages corresponding to τset � 50 ps were set, and τTODL was
measured during 25 s, as shown in Fig. 7. A stable behavior is

Fig. 3. PIC layouts with τ designed to achieve 50 ps. The TO PS
H 3 is designed on top of the coiled delay line τ.

Fig. 4. PIC output power as a function of V ϕ1
(V H1) and V ϕ2

(V H2). The application of an identical voltage sweep to ϕ1 and ϕ2

shows CI and CD voltage-dependent absorption. The output power
varies with V ϕ1

or V ϕ2
, or even with V H1 and V H2, due to fabrication

differences between pairs of PSs.

Table 1. PIC Characterization Results

PIC 1 PIC 2 PIC 3

H 1,2 H 3 ϕ1,2 γ ϕ1,2 γ

PS Length [mm] 2.00 4.17 2.00 0.50 5.00 0.50
PS PC [mW]a 30 28 14 26 0 26
V max [V] 3.0 5.0 −0.7 −0.7 6.0 −0.7
V min [V] 0 0 −1.5 −1.5 −0.7 −1.5

PIC IL [dB] 11.82 12.80 15.58
aFor a phase shift of 2π.

Fig. 5. MCS applied to PIC 3. Top, evolution of the detuning met-
ric, i.e., Δf ∝ P2∕P1; middle, convergence to the target time delays;
bottom, voltages applied to the used PSs.

Fig. 6. Voltages applied to each PIC to achieve the target
delays, τset.
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noticeable in both Figs. 5 and 7, proving that self-heterodyne
detection, and all frequency downconversion stages were stable.
However, a measurement uncertainty of ∼10 ps peak-to-peak
is observed. This uncertainty originates from different detri-
mental sources in the setup, such as noise, frequency and
timing jitter, and intermodulation distortion. Nonetheless,
such a low uncertainty value does not invalidate the time delay
estimation and can be further reduced by averaging multiple
measurements.

After validating the MCS in a single TODL, the applicabil-
ity and scalability of the MCS to a PBS composed of several
AEs is now analyzed. Without loss of generality, let us consider
a receiver-side PBS, where N AEs acquire N signals with differ-
ent arriving times, each being converted to an optical signal.
An array of TODLs is used to adjust the delay of each signal
according to beamforming needs. The resulting signals are
coupled, detected, and filtered. Figure 8(a) depicts the most
straightforward way to control the TODLs, by tapping the
output signal of each TODL to a dedicated receiver (Rx)
and MCS. This implementation requires N Rxs and MCSs,
bringing considerable complexity and restricting this approach
to small-scale PBSs. For large-scale PBSs, a single MCS should

be able to handle several TODLs, as depicted in Fig. 8(b). The
MCS should be able to distinguish pilot tones from different
TODLs. To this end, dithering tones with different frequencies
are generated by the MCS and modulated to each optical signal
through a PS. The MCS receives as input two dithering tones
per pilot tone, thus being able to distinguish and individually
operate the different TODLs. For the particular case where the
TODLs remain stable over time, the MCS may generate a
single dithering tone and apply it to one PS at a time, thus
configuring one TODL at a time.

If the number of accommodated TODLs is still insufficient,
combining the implementations shown in Fig. 8, one can con-
trol up toM × N TODLs using multiple (M) MCSs, each sup-
porting N dithering tones. This does not pose a substantial
increase in the complexity of the system and enables large-scale
PBSs.

In summary, a TODL MCS agnostic to the operation prin-
ciple of a TODL and to its implementation technology was
presented. The proposed system relies on adding two out-
of-band pilot tones to the input signal and estimating the
properties of the TODL from the retrieved output pilot tones.
The MCS was experimentally validated using three TODLs,
each implemented in a different silicon PIC resorting to
different kinds of PSs based on TO, CI, and CD effects.
The proposed MCS correctly tuned each TODL, proving to
be adaptable to the implementation technology. The tuned
delay behaved stably over time, with a measurement uncer-
tainty of approximately 10 ps. Furthermore, the scalability
of the MCS was discussed, showing that a single MCS can
be applied for multiple TODLs, provided that TODLs are
fed with distinguishable pilot tones, e.g., with different
frequencies.
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Abstract: We demonstrate a silicon photonic 4x1 TTD beamformer operated in real-time. 

Beamforming of a 1 Gb/s QPSK signal carried at 28 GHz was validated by a fourfold improvement 

in output amplitude and EVM. 
OCIS codes: (060.5625) Radio frequency photonics; (070.1170) Analog optical signal processing; (130.0130) Integrated 

optics. 

 

1. Introduction 

The ever-increasing need for bandwidth has been recently targeting millimeter wave (mmW) bands for use in 5G 

networks [1] and satellite links [2]. While the main advantage of migrating to such high frequencies is filling unused 

spectrum, a direct and fortunate consequence is that the antenna size is reduced [3], which results in compact phased-

array antennas (PAAs) with tens of antenna elements [1], enabling multibeam transmission or space-division 

multiplexing. However, in order to achieve so a beamforming system is required. While for terrestrial scenarios such 

as 5G networks analog or digital beamforming approaches have been favored [1], for high-throughput satellites 

photonics was identified as a disruptive technology for surpassing the limits of traditional RF payloads [2, 4].  

To this end, basic microwave photonics devices such as filters [5] and tunable optical delay lines (TODLs) [6, 7] 

were originally proposed, while more recently complex systems such as beamformers have been reported [7, 8]. 

Within the framework of FP7 project BEACON, we have proposed and modeled a photonic beamforming system 

(PBS) for a PAA receiver that relies on self-heterodyne detection, thus offering coherent detection sensitivity, photonic 

frequency downconversion and true-time delay (TTD) beamforming [8]. 

In this paper, we provide a first experimental demonstration of the proposed PBS [8] by beamforming four inputs 

into one output. The demonstration comprises two arrays of GaAs Mach-Zehnder modulators (MZMs) for modulation, 

a radiation-hardened optical amplifier based on a 7-core erbium-doped fiber (MC-EDFA) for power boosting, and a 

silicon photonic integrated circuit (PIC) containing a 4x1 TTD PBS. The time delay and phase of each of the four 

input signals are automatically adjusted in real-time, thus providing robust operation. Four copies of a 1 Gb/s QPSK 

signal with a 28 GHz carrier were used as Ka-band test signals. Beamforming was achieved by observing a fourfold 

increase in output amplitude and a reduction of the error vector magnitude (EVM) of the same order. 

2.  Experimental Setup 

The experimental setup is shown in Fig. 1. A laser signal with a linewidth of 100 kHz and a wavelength of 1550.1 nm 

is split in three paths. Modulation of input RF signals is performed in the two upper paths, whereas a frequency-shifted 

optical local oscillator (FSOLO) is generated in the lower path. An arbitrary wave generator (AWG) is used to generate 

a 1 Gbit/s QPSK signal with 640 symbols, 28 GHz carrier, raised-cosine pulse shaped with a roll-off factor of 0.25, 

and with two pilot tones at 28 ± 0.6 GHz. Four copies of such RF signal are generated, amplified and fed to two 

arrays of modulators [9], each with two MZMs. Each modulator array outputs two polarization-multiplexed optical 

signals, which are pre-amplified, noise filtered and then polarization demultiplexed. Each of the four resulting optical 

signals is delayed by a mechanical delay line such that signal path lengths are equalized within the tuning range of the 

TODLs of the PBS. Each of the resulting signals is then boosted by a core of the MC-EDFA [10]. The output power 

of each amplified signal is adjusted by a variable optical attenuator (VOA) before being fed to the PIC through quasi-

vertical coupling.  

The PIC comprises four identical paths, each with an input phase shifter (PS) for adjusting the phase of each path, 

a TODL based on a Mach-Zehnder delay interferometer (MZDI) with tunable coupling ratio [6, 8] and with a tuning 

range of 𝜏 = 50 ps. The four paths are then combined into one output signals, which in turn is split in two copies. One 

copy is combined with an input optical signal and fed to a germanium photodiode, providing the possibility of 

performing coherent detection. Such possibility was not explored in this experiment. The other copy is routed to a 

grating coupler, such that the beamformed signal can be processed outside of the PIC. 
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The PIC layout is shown in Fig. 1 (b), with the used PS highlighted with red squares, i.e., coiled heaters are not 

used. Bottom to top, for each path there is an input carrier-injection PS with 500 μm (𝛽), two coiled carrier-depletion 

PSs with 1 cm (𝜙1,2) for tuning the TODL delay, and another carrier-injection PS with 500 μm (𝛾) for adjusting the 

detuning (Δ𝑓) between the center frequency of the MZDI and the processed optical signal. The reason why all three 

common kinds of silicon photonics PSs were used was to test their suitability to the proposed system, which we did 

and reported in [11]. The PIC was bond-wired to a printed circuit board (PCB) in order to provide access to the used 

PSs. During initial characterization, three PSs, identified in the figure in light red, did not respond to an applied 

voltage. We found out that it was due to a design error. The implication was that time delay tuning is not possible in 

the first (upper) path. Such is not problematic as the upper path may serve as the time reference, to which the time 

delays of the remaining three paths are tuned. As for the fourth path, delay tuning was achieved with the only functional 

carrier-depletion PS. 

In the lower path, the input laser signal is modulated by an IQ modulator (IQM) fed by two 26 GHz tones in 

quadrature, thus producing a FSOLO. The FSOLO is amplified before being fed to a single-polarization coherent 

receiver together with the PBS output signal. Given that the OLO is frequency-shifted by 26 GHz, the signal produced 

by coherent detection is downconverted to 2 GHz. 

The downconverted signal is split in two copies, one of which is input to a real-time sampling scope for offline 

evaluation of the signal, and the other is fed to a control loop, to calculate the voltages to be programmed to the digital-

to-analog converters, which in turn actuate on VOAs and PSs. The control loop starts by RF downconverting the pilot 

tones at 2 ± 0.6 GHz to 5 kHz and 2 kHz, respectively, in a single RF IQ demodulator. The RF downconverted pilots 

are then digitized at 64 ksa/s, and processed by a digital signal controller (DSC). The DSC performs fine frequency 

downconversion to baseband, and calculates the power and phase of each pilot tone, 𝑃1, 𝑃2, 𝛿1 and 𝛿2. The signal 

power is estimated from 𝑃1, the detuning Δ𝑓 from 𝑃2 − 𝑃1, and the delay from 𝛿2 − 𝛿1. Given that these parameters 

are fairly static, these are estimated and adjusted one path at a time by fully attenuating other paths except the one 

being analyzed. The phase of each path, however, cannot be assumed as static as it wanders over time. In order to 

simultaneously estimate the phase of all paths weak dithering tones with different frequencies (0.5:0.5:2 kHz) are 

digitally generated and fed to the PIC input carrier-injection PSs 𝛽. Such tones are then retrieved by the DSC, which 

thus estimates the phase of each path and adjusts the voltage applied to the PSs. 

3.  Experimental Results 

The first step in TTD beamforming is to define the delay of each path. With the proposed system, such delay can be 

tuned between 0 and 𝜏 = 50 ps. The tuning process of the proposed TODL is shown in Fig. 2. As observed in the 

leftmost plots, the first path results in an estimated time delay of 0 ps, and thus is used as time reference. The remaining 

plots show that the TODL of the second path can be tuned within its full range. First (top plots), the detuning Δ𝑓 ∝
𝑃2 − 𝑃1, is minimized until power difference is within ±1 dB by adjusting 𝑉𝛾 (bottom plots). Then, 𝑉𝜙1,2 are adjusted 

until the estimated delay is within the target delay ±5 ps (middle plots). Results show that the achieved delay remains 

stable over time, thus validating the approach of tuning the delay of one path at a time. Identical results were obtained 

third and fourth paths, despite being useless to change 𝑉𝜙1 in the latter. 

 
 

(a)            (b) 

Figure 1. (a) Experimental setup of the 4-to-1 PBS. (b) Layout of the silicon PIC. 
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After properly setting the TODLs, real-time beamforming was performed by defining and stabilizing the phase of 

each path. In order to validate beamforming, all four signals were added in phase and with identical input powers, 

aiming to increase the output signal amplitude by a factor of four. Some obtained constellations, EVM and output 

signal amplitude are shown in Fig.3. The constellations show that regardless of the extra attenuation set by the VOAs, 

there is a clear improvement when the number of enabled paths is doubled. The expected fourfold improvement was 

verified in the amplitude of the downconverted QPSK signals, and also in the decrease of the EVM for an extra 

attenuation of 12 dB, given that for such attenuation the EVM floor of ~23% is not achieved not even for four enabled 

paths. Nonetheless, the main objective of beamforming is to improve the signal-to-noise ratio of the output signal, 

which means that a signal beamformed from N paths and with an extra attenuation (measured in the electrical domain) 

of 4N should have an EVM lower than a signal beamformed from N/2 paths and with an extra attenuation of N. As 

indicated by the black dashed lines, such was also verified in three out of the four cases. 

4.  Conclusions 

A first experimental demonstration a self-heterodyne photonic beamformer was reported, comprising two arrays of 

GaAs MZMs, a 7-core MC-EDFA, a silicon PIC implementing a 4x1 TTD PBS and a real-time control system. TTD 

beamforming was validated using a 1 Gb/s QPSK signal with a 28 GHz carrier, resulting in a fourfold increase in 

output amplitude, an EVM reduction of the same order, and in an improvement of the signal-to-noise ratio. 

The authors acknowledge Fundação para a Ciência e Tecnologia/Ministério da Educação e Ciência under the PhD Grant SFRH/BD/117444/2016 

and to European Commission through project BEACON (FP7-SPACE-2013-1-607401). 
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        (a) 𝜏set = 0 ps (b) 𝜏set = 0 ps (c)  𝜏set = 12.5 ps (d) 𝜏set = 25 ps (e) 𝜏set = 37.5 ps (f) 𝜏set = 50 ps 

Figure 2 (a) TODL 1 serving as time reference. (b-f) Tuning of TODL 2 for different target delays. Up: Minimization of TODL 

detuning 𝛥𝑓 ∝ 𝑃2 − 𝑃1; middle: convergence of the time delay towards the target value; bottom: voltages applied to the PSs. 

 
Figure 3. (a-c) Best constellations obtained for 1, 2, and 4 enabled paths for an extra attenuation of 0, 6 and 12 dB. (d) Average 

amplitude and (e) EVM of the output QPSK signals. Error bars quantify the standard deviation over 100 measured frames. 
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Ubiquitous satellite communications are in a leading position for bridging the digital divide.

Fulfilling such a mission will require satellite services on par with fibre services, both in

bandwidth and cost. Achieving such a performance requires a new generation of commu-

nications payloads powered by large-scale processors, enabling a dynamic allocation of

hundreds of beams with a total capacity beyond 1 Tbit s−1. The fact that the scale of the

processor is proportional to the wavelength of its signals has made photonics a key tech-

nology for its implementation. However, one last challenge hinders the introduction of

photonics: while large-scale processors demand a modular implementation, coherency

among signals must be preserved using simple methods. Here, we demonstrate a coherent

photonic-aided receiver meeting such demands. This work shows that a modular and

coherent photonic-aided payload is feasible, making way to an extensive introduction of

photonics in next generation communications satellites.

https://doi.org/10.1038/s41467-019-10077-4 OPEN

1 Instituto de Telecomunicações, Campus Universitário de Santiago, 3810-193 Aveiro, Portugal. 2 IHP, Im Technologiepark 25, 15236 Frankfurt (Oder),
Germany. 3Watgrid Lda., Via do Conhecimento, 3830-352 Ílhavo, Portugal. 4 aXenic Ltd., Thomas Wright Way, Sedgefield TS21 3FD, UK. 5 InPhoTech
Sp. z o.o., Meksykańska 6 lok. 102, Warsaw 03-948, Poland. 6 Gooch & Housego, Broomhill Way, Torquay TQ2 7QL, UK. 7 Airbus Defence & Space, Gunnels
Wood Rd, Stevenage SG1 2AS, UK. Correspondence and requests for materials should be addressed to V.C.D. (email: vanessaduarte@av.it.pt)

NATURE COMMUNICATIONS |         (2019) 10:1984 | https://doi.org/10.1038/s41467-019-10077-4 |www.nature.com/naturecommunications 1

12
34

56
78

9
0
()
:,;



The evolution of high-throughput communication satellites
(HTCSs) has been paced by a raw increase in capacity,
obtained by packing more beams within the coverage zone

of the satellite1. So far, adding a new beam has been typically
achieved by introducing at least one more feed to the payload,
placing it according to the position of the beam2. While such a
design paradigm stood for more than half a century, it has now
become obsolete for two main reasons. First, it scales aggressively.
The number of feeds increases not only in proportion to the
number of beams but also inversely to their width, as thinner
beams require larger apertures encompassing multiple feeds3.
Second, user needs are changing at an accelerating rate. Having a
static beam configuration matching user needs at all times during
the entire lifetime of the satellite, typically spanning 15 years,
is nowadays impossible. Consequently, satellite operators
recently started asking for flexible satellite payloads1,4, with
satellite QUANTUM being the first example of a communications
satellite designed with a programmable digital signal processor.
QUANTUM offers a total bandwidth of 3.5 GHz which can be
flexibly allocated to eight steerable spot beams. The correspond-
ing capacity is almost 30 times lower than already launched
HTCSs, presently beyond 100 Gbit s−1, evidencing that capacity
and flexibility could not be simultaneously increased with either
radio frequency (RF) or digital technologies.

A scalable capacity increase and a flexible beam configuration
can be both achieved by operating the feeds as a phased array
antenna (PAA), as illustrated in Fig. 1. Without loss of generality,
let us consider a PAA comprising N feeds and receiving a set
of NB beams. Each feed now receives all beams, each beam
arriving with a unique delay with respect to other feeds. Such a
property enables separating all NB beams from the N signals
produced by the PAA by multiplying these by a matrix with NB ×
N coefficients. In practice, such a matrix is implemented by a
processor denominated by beamforming network (BFN), and
each coefficient is implemented by an amplifier or attenuator
combined with a phase shifter. In terms of scale, the required
number of feeds increases only inversely to the minimum beam
width, resulting in the lowest possible number of feeds3,5. As for
flexibility, a full-scale reconfigurable BFN is able to adapt to any
set of beams.

While implementing the feeds to operate as a PAA is trivial, a full-
scale implementation of a BFN comprising all NB ×N coefficients
has so far been too cumbersome to implement either with digital or
analogue signal processors. On the one hand, digitally processing all
signals provided by the PAA requires an unrealistic processing
power of at least 1 Gsa s−1 per input signal and per beam, over
10 Tsa s−1 for already launched HTCSs1,3. On the other hand, the
size of an analogue BFN depends on the length of each phase shifter,
which is proportional to the wavelength of the RF signals. This
results in a deadlock: while a BFN processing high-frequency RF
signals is inherently compact, a low-loss implementation is chal-
lenging due to the high frequency of the RF signals. Photonics allows
overcoming such a trade-off. The wavelength of optical signals is
more than 5000 times shorter than a typical Ka-band RF signal,
enabling significant miniaturization of the BFN. Yet optical wave-
guides, either fibre or within a photonic integrated circuit (PIC), are
well known for being low-loss6. Such unique advantage puts pho-
tonics in a leading position for implementing a BFN.

A photonic-aided payload implements the BFN with a pro-
grammable photonic processor, resulting in an optical beamforming
network (OBFN)5,7,8. A miniaturizable OBFN must be identical
to an RF BFN, with an optical phase shifter being equivalent to an
RF phase shifter. Consequently, a miniaturizable OBFN relies on
coherent optical signal processing, which in turn enables coherent
detection3,5,9,10. Coherent detection can also provide heterodyning,
thus enabling RF frequency conversion3,5,11. As a result, RF hard-
ware is assigned only to basic tasks such as amplification and
inverse/output multiplexing3. The main advantage of such an
approach is that it does not change the payload architecture,
allowing to keep mandatory function modularity and redundancy
mechanisms3. However, the sheer scale of the photonic-aided
payload unavoidably results in long optical paths, more than 5000
times longer than RF paths when normalized to the wavelength. As
a result, unavoidable thermal and mechanical gradients imposed to
optical paths produce a slow but random phase drift to the pro-
pagating signals, obliterating beamforming if no action is taken.
Given that there is no such problem in an RF BFN, its configuration
may be performed by a fairly static monitoring and control loop
(MCL). Conversely, an OBFN requires a dynamic MCL, which
nonetheless must be kept simple, scalable and fast just enough to
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track phase drifting, in order to be suitable for a large-scale OBFN.
While all stages of a photonic-aided payload have been individually
validated—modulation6,12–16, beamforming9,10,17–21, frequency
conversion22,23 and coherent detection6,9,24—such an MCL has
never been demonstrated, preventing the demonstration of a
scalable, modular and coherent photonic-aided payload.

In this paper, we demonstrate a complete scalable, modular
and coherent photonic-aided payload receiver comprising four
custom-made modules, all aiming for miniaturization and mod-
ularity: two arrays of two GaAs Mach–Zehnder modulators
(MZMs) each, a radiation-hardened erbium-doped multicore fiber
amplifier (EDMCFA) with seven cores, a 4-by-1 integrated OBFN,
and an MCL for defining and stabilizing the amplitude, delay and
phase of each signal. The receiver was fed with two beams arriving
from different directions, each carrying a 1 Gbit s−1 quadrature
phase shift keying (QPSK) signal at 28 GHz, being able to separate
one from the other in real time. To the best of our knowledge, it is
the first demonstration of real-time beam separation ever achieved
by a complete photonic-aided payload receiver.

Results
Self-coherent photonic processor. The main task of a payload
receiver is to down-convert the frequency of an input beam
such that it can be processed by an inverse multiplexer3. Fre-
quency down-conversion is accomplished by heterodyning the
beam with a local oscillator (LO), which is typically derived from
a single reference oscillator3. A photonic-assisted payload receiver
should likewise resort to heterodyne detection, with optical
local oscillators (OLOs) taken from a single reference OLO, thus
resulting in self-heterodyne detection5,20. Self-heterodyne detec-
tion has the important advantage of cancelling laser phase
noise, which relaxes the required laser linewidth, and makes the
proposed MCL possible.

The self-coherent photonic processor at the core of the
proposed photonic-assisted payload receiver complies with such
principle by using a single laser source, as depicted in Fig. 2a. The
processor first converts input RF signals to the optical domain.
The converted signals are individually amplified, power equalized,
phase shifted, delayed and coherently added into one output
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optical signal. The resulting signal is coherently detected through
heterodyning, therefore resulting in down-conversion of the RF
frequency20,25. A low-complexity pilot-aided MCL is used to
control and stabilize the system in real time. The experimental
set-up is detailed as follows.

Light from a TLS (tunable laser source) is split by three paths.
In the two upper paths, RF-to-optical conversion is achieved by
means of amplitude modulation done by two arrays of GaAs
MZMs, each with two MZMs13,26. Each array outputs the two
modulated signal to a single fibre owingthanks to polarization
multiplexing. The modulated signals are then pre-amplified, noise
filtered and polarization demultiplexed. For each of the four
resulting optical signals there is a dedicated free-space optical
delay line to equalize the relative delays of the modulated signals
within the tuning range of the tunable optical delay lines (TODLs)
of the OBFN. The delay-equalized signals are then boosted by four
of the seven cores of a saturated EDMCFA27. The amplified
signals are equalized in power by variable optical attenuators
(VOAs), and then fed to an integrated OBFN embedded in a
printed circuit board (PCB), as shown in Fig. 2b. Details of the
silicon PIC implementing the integrated OBFN are given in the
Supplementary Note 4. The integrated OBFN comprises four
identical paths, each with an input phase shifter, for adjusting
the phase of each input signal, and a TODL based on a
Mach–Zehnder delay interferometer (MZDI) with variable
coupling ratio and with a tuning range of τ= 50 ps20. The four
delayed signals are combined into a processed output signal that,
in turn, is split in two copies. One is routed to an external power
metre, which is connected to the MCL. The other is combined
with an OLO and fed to a Germanium photodiode (Ge-PD),
thus being coherently detected. The resulting electrical signal
is amplified by a transimpedance amplifier (TIA) with two
differential outputs, one of which is the electrical output signal of
the photonic processor. The OLO is generated in the purple-
coloured optical path as follows. An I/Q modulator driven by
two RF tones with a frequency of fOLO and dephased by π/2
produces a frequency-shifted version of the laser signal. The
modulated signal is amplified and combined with the processed
output signal, thus serving as a frequency-shifted optical local
oscillator (FSOLO). Consequently, the processed signal is
frequency down-converted by fOLO. Further details about the
experimental set-up can be found in the Supplementary Note 3.

An MCL is required for setting up and stabilizing the
amplitude, phase and delay of each input optical signal. A
simple, scalable and low-power MCL should rely only on the
output signals of the processor, and handle as few RF signals as
possible25. The proposed MCL relies on two out-of-band pilot
tones with frequencies f1 and f2 added to the input RF signals,
thus being transparent to the input RF signals and associated
propagation impairments. As explained in ref. 28, using a pair of
pilot tones enables a simple and precise estimation of the time
delay of a given path, as the time delay is proportional to the
phase difference between pilot tones. Amplitude and phase can be
directly estimated from one of the pilot tones. Given that identical
pilot tones are fed to all input RF signals, and that the MCL takes
as input the output electrical signal, a method for distinguishing
the pilot tones associated with different signals must be
enforced28. A simple method is here proposed, in which weak
dithering tones with different low frequencies (<2 kHz) are
digitally generated and fed to the phase shifters β. As a result, the
output signal comprises the RF signal, pilot tones f1 and f2, and
weak dithering tones f1 ± fd,k and f2 ± fd,k, where fd,k is the
frequency of the dithering tone fed to the phase shifter β of the
path k. The MCL thus uses both dithering tones f1 ± fd,k and f2 ±
fd,k to estimate the delay of path k, and at least one of such tones
to estimate the amplitude and phase of the corresponding signal.

While the amplitude and time delay of the optical signals are
fairly static, the phase wanders over time as a result of
temperature and mechanical gradients affecting optical fibres.
Consequently, the MCL refresh rate should be high enough to
counteract phase wandering, thus providing fundamental stability
when coherently combining optical signals in the OBFN. Such is
the case of the presented set-up, as explained in the Supplemen-
tary Note 1. The impact caused by parasitic phase modulation on
the signal is also discussed in the Supplementary Note 2.

The implementation of the MCL is depicted at the bottom of
Fig. 2a. An RF I/Q demodulator is used to simultaneously down-
convert the spectral content around f1 to 2 kHz and around f2 to
5 kHz. The resulting signal, containing all pilot and dithering
tones at low frequency, is digitized by an analog-to-digital
converter (ADC) with a low sampling rate. A digital signal
controller (DSC) is used to control and synchronize the
acquisition of samples by providing a time stamp, allowing
accurate digital down-conversion of all dithering tones to
baseband, and thus phase and delay estimation. Frequency
down-conversion, parameter estimation and control are split
between the DSC and a computer. The control algorithms output
new voltages to be applied to the phase shifters and VOAs, which
are programmed in the respective digital-to-analog converters
(DACs) via the DSC. All components used for implementing the
MCL are low-end commercial off-the-shelf.

We validated the operation of the proposed photonic processor
by setting it up to coherently add four identical RF signals
with equalized power. As shown in Fig. 2a, we programmed an
arbitrary waveform generator (AWG) to generate a QPSK signal
at 1 Gbit s−1 comprising 640 symbols, pulse-shaped by a raised
cosine (RC) filter with a roll-off factor of 0.25 GHz, with a carrier
frequency of 28 GHz, and with two pilot tones at 28 ± 0.6 GHz
each with an amplitude of 10% of the QPSK signal. Such a signal
was repetitively generated. Four copies of the RF signal were
produced using RF splitters, individually amplified by broadband
amplifiers, and fed to the photonic processor. A signal generator
was used to produce a tone with fOLO= 26 GHz. Consequently,
the processed signal is frequency down-converted to 2 GHz. The
electrical output signal of the processor was sampled by a real-
time sampling scope (RTSS), and processed offline. In all
experiments performed in this work, offline processing involved
only essential functions: frequency down-conversion to baseband,
removal of the pilot tones through low-pass filtering, down-
sampling to 1 sample per symbol, normalization and de-rotation
of the constellation. Further details about offline signal processing
can be found in the Supplementary Note 5. VOAs are responsible
for power equalizing the four signals, and also for introducing a
common extra attenuation.

The obtained results are displayed in Fig. 2c, d. As expected,
the amplitude of the output signal increases proportionally to the
number of enabled paths. However, the error vector magnitude
(EVM) is more than halved when the number of enabled paths is
doubled. Although the added signals are identical, these have
different noise sources as these are amplified by different
electrical and optical amplifiers. Therefore, coherently adding
the signals increases the signal-to-noise ratio (SNR) of the output
signal, thus explaining why its EVM is more than halved. These
results validate the operation principle of the proposed photonic
processor.

Single-beam beamforming. As depicted in Fig. 3a, demonstrating
the proposed photonic processor as a photonic-aided payload
receiver involves connecting the processor to a PAA receiver, and
feeding multiple beams from different directions to the PAA.
However, the processor requires adding pilot tones to the received
signals. The simplest way of adding pilot tones to all signals is to
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use a dedicated antenna for transmitting the pilot tones to the
entire PAA receiver. Such approach does not impact the low-noise
amplification stage located right after the PAA receiver, as pilot
tones are by definition much weaker than the input signals. The
amplitude and phase of the pilot tones depend on the position of a
given antenna element of the PAA receiver. Nonetheless, given
that the position of the dedicated antenna is known beforehand,
such a dependency can be calibrated and therefore compensated.

The simplified experimental set-up used for demonstrating
single-beam beamforming is shown in Fig. 3a. For a matter of
simplicity only a single channel of the AWG is used, meaning that
beam and pilot tones are simultaneously generated and
transmitted by a single Tx antenna. Due to power limitations,
the Tx antenna is positioned 15 cm from the PAA receiver, which
comprises four antenna elements uniformly spaced by 20.1 mm.
The photonic processor was configured to coherently add the four
input signals with equalized power and time delay. As a result,
optimized beamforming is obtained without having to reconfi-
gure the processor when changing the beam launch point. In
order to validate such a statement, the performance of the system
is assessed for three different position of the Tx antenna. As
depicted in Fig. 3a, at position k the Tx antenna is equidistant
from the antenna elements k and k+ 1.

The results displayed in Fig. 3b–d show that beamforming was
achieved for all positions of the Tx antenna. When taking as
reference a given signal amplitude, the system provides a
performance similar to the observed in Fig. 2c. Such allows to
conclude that the introduction of a wireless link did not produce
any impairment other than the unavoidable free-space path loss.
Assuming that all four paths of the photonic processor provide
identical performances, the output signal with lowest EVM
should be obtained when the PAA receiver receives the maximum
amount of power. Such case corresponds to placing the Tx
antenna at position 2. A higher EVM should thus be obtained for
positions 1 and 3. Both statements are confirmed by the
experimental results. However, the output signal with the highest
amplitude is not obtained when placing the Tx antenna at
position 2, but at position 3. Such observation does not prove any
inconsistency, as a signal with a higher amplitude does not
necessarily have a higher SNR.

Multi-beam beamforming. The demonstration of a flexible
photonic-aided payload receiver must assess its capability of
separating multiple beams. In order to achieve so, the experimental
set-up depicted in Fig. 4a is considered. An additional Tx antenna
is connected to the second channel of the AWG for producing the

second beam. The AWG generates two identical RF signals with
parameters as previously defined, but carrying distinct symbol
patterns. Pilot tones are added only to one of the signals. Given
that the photonic processor automatically points the receiver
towards the direction from where the pilot tones originate, the
processor automatically beamforms the beam to which pilot tones
are added. Both Tx antennas should be as far as possible from the
PAA receiver such that the angle of incidence of each beam is
identical for all antenna elements of the PAA receiver. However,
limited transmitting power forces placing the Tx antennas near the
PAA receiver, at about 40 cm, even when using extra broadband
amplifiers for boosting the transmitted power. Nonetheless, by
setting the antenna Tx2 12 cm apart from the antenna Tx1, the
estimated power of the beamformed beam is 18.8 dB higher than
the other (interfering) beam. The set-up thus poses no physical
restriction to separating one beam from the other. Four cases are
thus considered: beam 1 and pilot tones launched from Tx1,
Tx1(S), beam 1 and pilot tones launched from Tx1 and beam 2
launched from Tx2, Tx1(S)+ Tx2(I), beam 2 and pilot tones
launched from Tx2, Tx2(S), and beam 2 and pilot tones launched
from Tx2 and beam 1 launched from Tx1, Tx2(S)+ Tx1(I).

The results displayed in Fig. 4b, c show once again that single-
beam beamforming is achieved for both beams, regardless of the
number of added signals. However, such is not the case when
transmitting two beams. When a single path is enabled, the
receiver is unable to distinguish one beam from the other. As both
beams produce a similar RF power at any antenna element of the
PAA, the photonic processor basically adds the two beams with
identical weights, thus corrupting the beam intended to be
beamformed. The activation of two paths enables six different
combinations of pairs of antenna elements. Each combination
results in a different nulling capability. Such explains why beam
separation is achieved in some combinations (e.g. 1+ 2 and 3+
4), and not in others (e.g. 1+ 3 and 2+ 4). The activation of all
four paths provides clear beam separation as expected. The results
also show that the performance of the various paths is not
identical. Such a non-uniformity in performance in unavoidable,
given that signals input to different paths are processed by
different devices, such as electrical amplifiers, modulators and
optical amplifiers. Nonetheless, such non-uniformity in perfor-
mance is mitigated as more paths are enabled, and performance
ends up being very similar when all four paths are enabled.

Comparison with state-of-art OBFN. Before discussing the
obtained results, it is important to compare the proposed
photonic-aided payload receiver with state-of-art OBFNs.
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The main motivation for photonic implementations of BFNs
was, and still is, the fact that RF phase shifters are bulky, lossy
and increasingly challenging to produce at high RF frequencies.
Therefore, almost all of the research done in OBFNs has focused
on developing photonic phase shifters, able to surpass such
limitations. As explained in the following paragraph, the various
photonic phase shifters can be divided in three generations.

The first-generation photonic phase shifters consist of mere
optical fibres with a length tailored to provide the target RF phase
shift29. Discretely adjustable phase shifting was demonstrated by
switching among optical fibres with different lengths30. The second-
generation photonic phase shifters exploit linear and nonlinear
properties of photonic devices. Chromatic dispersion was the most
exploited linear property31–33. Dispersive devices such as optical
fibres and fibre Bragg gratings have a propagation delay that
depends on the wavelength of the input signal. Such a property was
exploited to produce continuously tunable photonic phase shifters
in a single device. In terms of nonlinear properties, slow light was
profoundly exploited as it enables modulating the refractive index
of the medium with the input power34–36. Such an effect was used
to induce a tunable phase shift between RF sidebands and optical
carrier of an RF signal modulated onto an optical carrier. These
phase shifters were the first not to resort to delay lines. The third-
generation photonic phase shifters are based on adjustable optical
filtering. TODLs based on all-pass filters implemented in resonant
and non-resonant interferometers were, respectively, proposed in
refs. 9,10,19,37,38. Both filters have a periodic frequency response,
which is tuned to provide the correct delay to at least one of the
RF sidebands of the RF signal modulated onto an optical carrier.
The TODLs used in the present work are based on non-resonant
MZDIs. Its operation principle as well as its application to an
OBFN are detailed in ref. 20. Programmable filters based on liquid
crystal on silicon (LCoS) matrices were also proposed both for
providing a TODL and a phase shift between the optical carrier and
a single RF sideband39,40.

While a plethora of phase shifters and TODLs were proposed,
few of these were experimentally demonstrated within an
OBFN10,21,30,32,41–43, especially within a receiving stage10,41.
A receiving stage combines signals from the PAA to form one
or multiple beams. Signal combination can be performed

coherently or incoherently. The latter option typically multiplexes
signals into a wavelength-division multiplexing (WDM) signal,
which is then directly detected40,43,44. Despite being a straightfor-
ward approach, it supports a limited number of channels, it
does not resort to coherent detection, and consequently does
not support heterodyne reception. Conversely, coherent signal
combination does not have such drawbacks. In fact, coherent
signal combination enables building an OBFN identical to an RF
BFN, that is, signals are coherently combined without bandwidth
limitations, RF frequency down-conversion is achieved by means
of heterodyne reception, and optical phase shifting is equivalent
to RF phase shifting25,28. The latter advantage enables the use
of the simplest and smallest photonic phase shifter—the optical
phase shifter. However, to the best of the authors’ knowledge, an
OBFN resorting to coherent signal combination was demon-
strated only once10, without any active stabilization loop.

A comparison between the proposed system and state-of-art
OBFNs would be desirable concerning key metrics such as size,
weight, power consumption and performance degradation.
However, such a comparison cannot be made as other proposed
systems either lack dimensioning or were not dimensioned for
communications satellites. Nonetheless, the proposed system is
evaluated in detail according to such key metrics in ref. 5.

Discussion
Future HTCSs will have to do better than just increasing capacity:
they must become capable of providing flexible coverage for best
serving fast-evolving user needs. Both requirements can only be
achieved by adopting a reconfigurable antenna—a PAA—which
in turn requires a massive signal processor, the BFN. While dif-
ferent implementations of the BFN have been discussed—analo-
gue, digital or photonic-aided—the unique miniaturization and
low-loss capabilities enabled by the latter puts photonics in a
leading position. Nonetheless, a viable photonic-aided payload
must comply with key features such as being scalable, modular,
miniaturizable and having an architecture resembling an RF
payload. Devising a simple, scalable and low-speed stabilization
loop has proved to be the last challenge to overcome before such a
photonic-aided payload could be demonstrated. The work
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presented in this paper shows that such a challenge was indeed
overcome, paving the way for a photonic revolution in HTCS
payloads.

Scaling the proposed system to more antenna elements and
more beams depends on the scalability of individual modules.
The photonic BFN is both the most important and most chal-
lenging module to scale, as its complexity is proportional to both
the number of antenna elements and number of beams. On the
one hand, self-heterodyne detection makes its basic elements—
phase shifters and couplers—equivalent to their RF counterparts,
thus enabling the miniaturization of the BFN by a factor of
λopt/λRF ≈ 50005. On the other hand, as the number of required
phase shifters is proportional to the number of antenna elements
of the PAA and to the number of beams, about 25,000 phase
shifters are required5. Therefore, the development roadmap of a
high-capacity and flexible photonic-aided payload should focus
on developing dense arrays of low-speed phase shifters with low
power consumption and low insertion losses.

Even though the focus of the present work is the real-time
demonstration of a modular and coherent photonic-aided pay-
load receiver, such a demonstration included several novelties
worth highlighting: first-ever use of a EDMCFA in an OBFN,
first-ever integrated OBFN including a photodiode, first-ever
demonstration of an OBFN performing RF frequency conversion
by means of heterodyne reception and first-ever separation of two
beams by an OBFN.

A discussion of future directions should be split in two
parts: system and devices. From a system perspective, although
challenging, scaling the proposed receiver to more antenna ele-
ments and more beams does not require deep modifications to
the basic architecture and stages presented in Fig. 2a. None-
theless, although the proposed system is based on a single laser
source, multiple laser sources with different wavelengths can be
used where suitable, as the proposed system is compatible with
WDM. Adapting the proposed architecture to the transmitting
stage would be straightforward, also requiring a simpler MCL,
as N-to-1 signal combination becomes signal splitting.

From a device perspective, we believe that a significant progress
in PICs is mandatory such that beamforming one beam in a
single PIC can be envisaged. Focus should be given to developing
low-loss interfacing as well as low-loss, compact, low-power
phase shifters.

The method used for interfacing depends on whether WDM is
used. If not, as considered in the present work, it requires N+ 1
input fibres, provided that polarization multiplexing is also not
used. Such a large number of fibres should be bundled into a two-
dimensional fibre array, which should be precisely aligned with a
set of grating couplers. While such interfaces with these many
inputs/outputs have already been investigated45, developing a
space-qualified package requires a significant effort. Using WDM
means that only a few interfacing fibres are required, which does
not pose a problem in interfacing. However, an OLO must be
allocated for each channel, and all resulting signals have to
be demultiplexed on chip, which requires large and lossy
demultiplexers43. It is therefore likely that a trade-off between
both solutions should prove to be the best solution.

As discussed in ref. 28, silicon PICs offer three kinds of phase
shifters based on different effects: thermo-optic, carrier injection
and carrier depletion. These phase shifters have different trade-
offs among insertion loss, voltage-dependent loss, footprint and
power consumption, all being unacceptably underperforming in
at least one of such parameters. For instance, thermo-optic and
carrier-injection phase shifters consume more than 10 mW28,
which according to the model presented in5 puts the power
consumption of phase shifters at the same level of the low-noise
amplifiers. Conversely, carrier-depletion phase shifters have

negligible power consumption, but at the cost of being almost
1 cm long and lossy, with over 5 dB of insertion loss. Conse-
quently, a new kind of phase shifter should be developed. Liquid
crystals are known to have a very strong electro-optic effect,
orders of magnitude higher than materials widely used in pho-
tonics such as lithium niobate, enabling very small phase
shifters46,47. They are also very transparent to light, and thus low-
loss, and are routinely integrated in LCoS matrices nowadays
packing over 107 phase shifters in <1 cm2 48. Co-integrating a
reflective LCoS matrix on top of silicon PIC using grating cou-
plers to provide vertical interfacing appears to be a promising
approach, allowing to envisage a phase shifter as large as a grating
coupler, typically with 10 × 10 μm2 46.

Liquid crystals have a slow response on the order of 1 ms.
Although such response is fast enough for compensating phase
wandering, it might be insufficient for the modulation of
dithering tones at frequencies higher than 1 kHz. Nonetheless,
such is not a problem. Even though the number of required phase
shifters β is of N ×NB, the number of required dithering tones is
of only N. Consequently, only N modulators are required to
produce the dithering tones. In order to avoid parasitic phase
dithering of the RF signal associated with the modulation of the
dithering tones, a suitable modulation scheme would be to resort
to a ring modulator only modulating one of the pilot tones49.
While such a modulation scheme provides intensity modulation
instead of phase modulation, the operation principle behind the
MCL would be the same.

The proposed coherent photonic processor can be generalized
from an N-to-1 weighted adder to a M ×N matrix multiplier
without changing the MCL. Optical matrix multipliers resorting
to coherent optical signal processing have been proposed as a
promising alternative approach to microelectronic and opto-
electronic artificial neural networks, as once the matrix coeffi-
cients are set the multiplication takes place at the speed of light50.
As a single PIC can pack a very limited number of neurons,
implementing larger and more powerful networks requires mul-
tiple PICs, and therefore modularity. Similarly to the proposed
processor, scaling up to a modular implementation must conserve
coherency between all signals in all modules, also requiring an
MCL. Therefore, the presented work may serve as a starting point
towards a modular coherent photonic neural network.

Methods
Monitoring and control loop. As explained in the main text, the MCL sets and
stabilizes the amplitude, phase and delay of each input signal. Here, we detail the
operation of the MCL.

The MCL first sets the TODLs as described in ref. 28 to minimize the relative
delay among signals. Given that the configured delays remain stable over time, for a
matter of simplicity the MCL configures one TODL at a time, with dithering tones
deactivated. In order to avoid interference from other paths, all paths except for the
one including the TODL being configured are fully attenuated.

Once the TODLs are configured, the power of all signals is equalized as follows.
The power of each signal is measured one at a time, with all other signals fully
attenuated to avoid any measurement error. The power of the weakest signal is
then subtracted a margin of 1 dB, resulting in a reference power Pref. Each signal
is attenuated until its power falls within Pref ± Pthres, where Pthres= 0.1 dB. At
this point the extra attenuation mentioned in the figures is of 0 dB.

After all signals are again attenuated until the target extra attenuation is
reached, the system is ready to coherently combine all signals. The MCL is then
configured to proceed similarly to a phase-locked loop, with each iteration
described as follows. Dithering tones are simultaneously generated with a default
amplitude of 50 mV, and with a frequency of fd,k= 500(k + 1). The DSC then
configures the ADC to capture 128 samples at 64 ksa s−1. The dithering tones are
deactivated once all samples have been captured. The delay between the generation
of the dithering tones and the sampling by the ADC was measured to be fairly
constant, with a jitter of only a few. The samples produced by the ADC are
processed by the DSC to extract the dithering tones with the highest frequency, that
is, f2+ fd,k, from which the phase of each optical signal is estimated. Even though
the estimated phases have an undetermined phase reference, such a phase reference
is the same for all estimated phases. As a result, all paths have the same phase if all
estimated phases are identical, regardless of the common value. The objective of the
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MCL thus is how to achieve so by producing the smallest possible ajustment to the
phase shifters β. Given that voltage adjustments are proportional to estimated
phases, the solution is to minimize the variance and average value of the estimated
phases. Such is performed as follows. A vector containing the estimated phases is
first sent to the computer. Variance is minimized by adding or subtracting 2π to
each estimated phase; if the resulting variance is reduced, the estimated phase is
updated. Once the variance has been minimized, the average of the vector
containing the updated phases is set to zero. The voltage offset to be applied to a
given phase shifter is varied by the estimated phase multiplied by a gain factor,
which by default is −0.2V/π. If the new voltage offset is higher than Vmax=−0.7 V
or lower than Vmin=−1.5 V, it is reset to (Vmax+ Vmin)/2=−1.1 V. This is
necessary to guarantee that the phase shifters β operate within voltage limits. The
new voltage offsets are transmitted to the DSC, which updates the DACs associated
with the corresponding phase shifters β. The measured duration of each iteration
and thus the period of the MCL was of 100 ms, dominated by the communication
time between the DSC and the computer, performed via USB.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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Supplementary Note 1: Stabilization provided by the Monitoring and Control Loop

The purpose of the monitoring and control loop (MCL) is to provide optimized beamforming steadily over time, which can
be observed by monitoring the error vector magnitude (EVM) of the output signal over time. Such a test was conducted
over 30 s with the same setup as depicted in Fig. 1a of the main text, and with deactivated and activated MCL. Results are
shown in Fig. 1.
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Supplementary Figure 1: EVM variation over time when the MCL is deactivated (top) and activated (bottom).

When the MCL is deactivated the phase of each signal wanders freely, which means that so does the EVM of the output
signal. As a result, the system underperforms unacceptably most of the time. A minimum EVM of 10.5 % is achieved,
marking the lowest possible EVM that can be reached. The reasons for being the lowest possible value are the following.
First, dithering tones are deactivated, which means that weak but parasitic phase modulation does not impair the quadrature
phase-shift keying (QPSK) signal. Second, the phase shifters β are biased at (Vmax + Vmin)/2 = −1.1 V, which results in a
constant voltage-dependent attenuation of 3 dB in all signals. Therefore, when the signals happen to be aligned in phase,
best-performing beamforming takes place.

When the MCL is activated the EVM is stabilized to an average value of 22 %, which demonstrates correct phase-locked
loop (PLL) operation, albeit with a performance penalty and with sporadic outliers. This also confirms that the period of
the MCL of 100 ms is sufficient to track phase wandering. As explained in the previous paragraph, the performance penalty
is caused both by the parasitic phase modulation imposed by the dithering tones, and also by a variable voltage-dependent
attenuation imposed by the phase shifters β. Such an attenuation can reach 1.2 dB for a bias voltage of Vmax = −0.7 V.
The fluctuating EVM around its average value is also due to voltage-dependent attenuation imposed by the phase shifters
β. An outlier occurs whenever there is a reset of at least one phase shifter β to (Vmin + Vmin)/2 = −1.1 V, corresponding to
an abrupt phase variation of ±π. As a result, beamforming gets disrupted until the MCL converges to phase equalization
amongst signals. Resetting can be avoided using endless phase shifters, similarly to endless polarization controllers [1]. An
endless phase shifter comprises at least two independent phase shifters, each with a dynamic range of 2π. Nonetheless, the
disruption caused by the reset of a phase shifter decreases with N .

Supplementary Note 2: Impact caused by dithering tones

The previous section shows that dithering tones impose a weak but parasitic phase modulation. In this section, such a
parasitic phase modulation is characterized. In order to do so, the real-time sampling scope (RTSS) was triggered with the
generation of the dithering tones, configured with a sampling frequency of 6.25 Gsa s−1, and with a total time window of
8 ms. Dithering tones with different amplitudes were experimented. The dithering tones were measured to run for about
2 ms. Results are shown in Fig. 2.
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Supplementary Figure 2: EVM and amplitude of the output signal over time. Dithering tones are activated at around
0 s, with different amplitudes for each curve.

In terms of EVM, a slight disruption of both EVM and amplitude is observed even for the default amplitude of 50 mV.
Such a disruption becomes practically negligible when the amplitude is reduced to 25 mV. The MCL fails to perform at the
lowest amplitude of 10 mV, as the EVM increased instead of at least stabilizing. Setting the highest amplitude of 100 mV
results in a severe disruption of the output signal.

As a conclusion, for the presented system the amplitude of the dithering tones should be between 25 and 50 mV.

Supplementary Note 3: Detailed description of the experimental setup

In this section, we provide the details of the devices and equipment used in the experimental setup. A tunable laser source
(TLS) made by Yenista (OSICS model TLS-WDM) with a linewidth of 100 kHz and a wavelength of 1548.9 nm is used as the
light source. The laser is connected to a polarization maintaning (PM) splitter with four outputs, two of which feed the two
Mach-Zehnder modulator (MZM) arrays, and another feeding an IQ modulator that generates the frequency-shifted optical
local oscillator (FSOLO). Each MZM array performs polarization multiplexing of the two output signals in order to simplify
packaging, since this way only one output fibre is required.

The RF signal that is fed to the MZM arrays is generated by an arbitrary wave generator (AWG) (Keysight model
M8195A), that has a bandwidth of 20 GHz and a maximum sampling rate of 64 Gsa s−1. The amplitude of the RF signal
is set to the maximum value of 1 V. Both differential outputs of the AWG channel generating the RF signal are used, each
split into two copies, resulting in a total of four copies. The four RF amplifiers used for amplifying the four copies of the
RF signal are broadband amplifiers (2×SHF model 810 and 2×SHF model 806E). While narrowband amplifiers for the used
band would have been preferable, only broadband amplifiers were available. The signal generator that produces a tone of
26 GHz is a Rohde & Schwarz model SMR50. The programmed amplitude of the RF tone is of 0.5 V. The generated tone
is split into two copies, one of which is phase-shifted by approximately 90◦ using a tunable phase shifter (Spectrum model
LS-0140-KFKM). The resulting signals are amplified by broadband amplifiers (SHF model 807), and fed to an IQ modulator
(u2t photonics, model SCMO2125). An optical carrier suppression relatively to a sideband of at least 15 dB is achieved by
the MZM arrays. As for the FSOLO, the RF tone is at least 25 dB above other tones.

The two Erbium-doped fibre amplifiers (EDFAs) serving as pre-amplifiers are part of an Exelite Innovations model XLT-
CFA-16, containing two EDFAs sharing the same pump. The signal generated by the IQ modulator is amplified by an
EDFA from IPG, model EAD-1K-C3-W. The optical filters placed after the pair of EDFAs are identical commercial off-the-
shelf (COTS) dense wavelength division multiplexing (DWDM) optical filters with a bandwidth of 100 GHz and a center
wavelength of 1549.32 nm. The detuning between the optical filters and the laser wavelength of about 0.42 nm is beneficial, as
it helps further suppressing the RF sideband that is not processed as well as the residual optical carrier. The Erbium-doped
multicore fibre amplifier (EDMCFA) comprises seven cores organized in an hexagonal disposition, with core 7 as the center
core. For the remaining six cores, core numbering is defined as clockwise, i.e., core k is adjacent to core k + 1. All cores of
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the EDMCFA share the same set of pumps, the power of which is split evenly by all cores. A bidirectional pumping scheme
is employed. The noise figure of all cores of the EDMCFA was measured, and is between 5.5 dB and 6.5 dB. The variable
optical attenuators (VOAs) used for power equalization rely on microelectromechanical systems (MEMS) technology, and
are all made by Santec, model MOVA-HC. Fibre interfacing with the photonic integrated circuit (PIC) is done via grating
couplers and a 16-channel V-Groove assembly with 127µm spacing and a 16◦ angle chip surface made by OZ Optics. All
polarization controllers are COTS manual three-paddle controllers. The transimpedance amplifier (TIA) is made by Analog
Devices (model ADN2820), and has a bandwidth of 9 GHz and a gain of 5000 V A−1. All horn antennas are made by Ocean
Microwave, model OLB-28-10, and have a gain of 9.7 dBi at 28 GHz. Each antenna is 19 mm wide. This explains the
considered distance between two adjacent antenna elements of 20.1 mm, corresponding to a margin of only 1.1 mm.

The MCL is implemented resorting to the following COTS devices. Each tone f1,LO or f2,LO is generated by a demonstra-
tion board from Linear Technology, model 1959A, based on the frequency synthesizer LTC6948. The RF IQ demodulator is a
demonstration board made by Linear Technology, model DC1662A, based on the IQ demodulator LTC5585. The analog-to-
digital converter (ADC) is made by Microchip Technology Inc., model MCP3903, and is placed in an evaluation board already
containing the digital signal controller (DSC), which is from the model family dsPIC33F. The digital-to-analog converters
(DACs) are made by Analog Devices (model AD5754). Each buffer comprises an operational amplifier (Texas Instruments
OPA191) followed by fast power buffer (Linear Technology LT1010).

Data acquisition was handled by a RTSS from Tektronix model DPO72004 B, with a bandwidth of 20 GHz, a maximum
sampling rate of 50 Gsa s−1 and an effective number of bits of 5.5 bit at 50 mV div−1. All offline processing and communication
between computer and AWG, RTSS and DSC is performed via Matlab, using universal serial bus (USB) communication.
The EVM of the signal obtained in electrical back-to-back, i.e., AWG directly connected to the RTSS, was of 7.5 %.

The generation and processing of the pilot tones requires synchronism among involved devices and equipment. Such
synchronism is obtained using the output reference frequency signal of the Rohde & Schwarz model SMR50, with a frequency
of 10 MHz, which is shared to the AWG, frequency synthesizing boards and DSC.

The average power at different points of the system is detailed in Table 1. For the bottom four lines, paths other than the
enabled one are attenuated by at least 30 dB. Electro-optic modulation is very lossy (> 30 dB) for two reasons. First, there
were some problems during the packaging of the MZM arrays, resulting in insertion losses higher than expected, of 12 dB
and 15 dB. Second, the RF frequency of 28 GHz is beyond the 3 dB cutoff frequency of some of the modulators (23, 23.8,
28.4 and 29.2 GHz), and especially of the AWG. The choice of the used four of the seven cores of the EDMCFA was based on
minimizing crosstalk among cores, as the difference in output power among different cores is negligible. Nonetheless, crosstalk
produced by the EDMCFA or even by polarization multiplexing and demultiplexing was observed to be negligible. The total
insertion loss of a single path accounts for the efficiency of the input and output grating couplers (∼ 2 × 4.5 dB), the loss of
the phase shifter β (∼ 2 dB), the loss of the phase shifters φ1,2 (∼ 10 dB), the loss of the phase shifters γ1,2 (∼ 2 dB), and the
inherent loss of the combining network of 6 dB. All of these losses amount to 29 dB. The remaining losses (∼ 6 dB) are waveg-
uide propagation losses (∼ 1 dB cm−1), and mainly the result of non-ideal alignment between fibre array and grating couplers.

Supplementary Table 1: Average optical power at different points of the system. Paths 1 and 4 correspond to the
upper and lower signal path depicted in Fig. 1a of the main text.

Point of the system Power [dBm] Comment

Laser output +9.99 Programmed value
Output of modulator array 1 −35.8 Input of EDFA 1
Output of modulator array 2 −28.7 Input of EDFA 2
Output of IQ modulator −13.6 Input of EDFA 3
Output of EDFA 1 +8.8 Gain of 44.6 dB
Output of EDFA 2 +3.9 Gain of 32.6 dB
Output of EDFA 3 +6.0 Gain of 19.6 dB
Output of optical filter 1 −8.1 Filter located at the output of EDFA 1
Output of optical filter 2 −4.2 Filter located at the output of EDFA 2
Input of EDMCFA of path 1 −16.3 Core no. 1
Input of EDMCFA of path 2 −15.9 Core no. 5
Input of EDMCFA of path 3 −15.1 Core no. 6
Input of EDMCFA of path 4 −15.5 Core no. 2
Output of EDMCFA of path 1 +9.9 Gain of 26.2 dB
Output of EDMCFA of path 2 +9.9 Gain of 25.8 dB
Output of EDMCFA of path 3 +11.6 Gain of 26.7 dB
Output of EDMCFA of path 4 +11.2 Gain of 26.7 dB
Output of VOA of path 1 +9.4 VOA attenuation set to 0 dB
Output of VOA of path 2 +9.7 VOA attenuation set to 0 dB
Output of VOA of path 3 +11.3 VOA attenuation set to 0 dB
Output of VOA of path 4 +10.1 VOA attenuation set to 0 dB
Optical output of the PIC: path 1 enabled −27.4 Total insertion loss of 36.8 dB
Optical output of the PIC: path 2 enabled −23.7 Total insertion loss of 33.4 dB
Optical output of the PIC: path 3 enabled −24.1 Total insertion loss of 35.4 dB
Optical output of the PIC: path 4 enabled −25.1 Total insertion loss of 35.2 dB
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Supplementary Note 4: Details of the photonic integrated circuit

The PIC was produced at the foundry of IHP in a multi-project wafer run, using the proprietary technology SG25 PIC. The
layout and a photograph of the PIC is shown in Fig. 3.

6105 μm

ϕ1,2 γ1

τ

γ2

β

2
8
8
3
 μ

mGe PD

carrier-injection β

carrier-injection γ1carrier-depletion φ1,2

contact pads

16 grating couplers

Ge
photodiode

carrier-injection γ2

Supplementary Figure 3: PIC layout and photograph, showing that some modules are at least partly visible at
the surface.

From left to right, each path starts with a carrier-injection phase shifter 500µm long (β), followed by a tunable optical
delay line (TODL), a combiner network and a Germanium photodiode. The TODL is a Mach-Zehnder delay interferometer
(MZDI) with variable coupling ratio and with a tuning range of τ = 50 ps. The operation principle of the TODL is detailed
in [2], and an experimental demonstration including the MCL is reported in [3]. The extensive description already provided
in both articles combined with the fact that the short tuning range of the TODLs makes these of little use to the present
demonstration are the two main reasons why the explanations behind the TODLs are made concise in the present article.
The composition of each TODL is as follows. A pair of coiled carrier-depletion phase shifters with 1 cm (φ1,2) is used to vary
the coupling ratio of the MZDI, thus allowing to vary the delay of the TODL from 0 to τ . A pair of carrier-injection phase
shifters, one with 300µm (γ1) and the other with 600µm (γ2), is required to center the frequency response of the MZDI with
the center frequency of the delayed signal [2]. While the pair of carrier-depletion phase shifters φ1,2 are designed to facilitate
push-pull operation [3], such is not the case of the pair of carrier-injection phase shifters γ1,2. The phase shifter γ1 is not
used, and serves to minimize the loss difference between its path and the path of the phase shifter γ2.

There are also thermo-optic phase shifters in series with the phase shifters β, φ1,2 and γ1, designed as fallback solutions.
The latter consists of a resistive track designed on top of the coiled delay line (τ). None of these are used. The reason why
carrier-depletion phase shifters were considered for φ1,2 instead of more compact carrier-injection ones was to verify whether
there would be any issue in integrating all three common kinds of silicon photonics phase shifters in the same PIC. Such
turned out not to be a problem.

During initial characterization tests, three carrier-depletion phase shifters did not respond to an applied voltage. These
are highlighted in the figure. The cause behind such failure was found out to be a design error in the metal layers, cutting
off electrical access to the phase shifters. The consequence of such error is that the TODL of the upper path cannot be

4



tuned. Nevertheless, such does not pose any constraint, as the upper path may serve as the time reference to which the time
delays of the remaining three paths are tuned. While the lowest path only has one operating carrier-depletion phase shifter,
the corresponding TODL could be tuned in its entire range. The carrier-depletion phase shifters were designed with a long
length for precaution in order to allow correct TODL operation even if one of the phase shifters failed to operate, thus having
a dynamic phase range of 2π.

The behavior of the three kinds of phase shifters is identical to that described in Fig. 4 of [3], even though the length
of the phase shifters used in the present work is different from those reported in the cited article. The differences are the
following. The carrier-injection phase shifters β reach a maximum phase-shift of 2π when biased at −1.5 V. The voltage-
dependent attenuation smoothly increases as the bias voltage decreases, reaching about 6 dB for a minimum bias voltage of
−1.5 V. The phase dynamic range of the coiled carrier-depletion phase shifters is of 2π for a bias voltage varied between
−0.7 V and 6 V. The voltage-dependent attenuation smoothly increases as the bias voltage decreases, reaching about 2.3 dB
for a minimum bias voltage of −0.7 V.

Characterization tests of the Germanium photodiode revealed a 3 dB cutoff frequency of 42 GHz, a dark current below
50 nA and a responsivity of 0.85 A W−1.

Supplementary Note 5: Offline digital signal processing

The RTSS is connected to one of the outputs of the TIA for sampling the RF signal that is output by the system. By
default, the RTSS outputs a frame that is 640 symbols long, i.e., as long as the frame produced by the AWG. The sampled
QPSK signal, at a down-converted carrier frequency of 2 GHz, is processed in Matlab according to the following steps. First,
down-conversion to baseband is performed, followed by rectangular filtering to remove pilot tones and excess noise. Then,
down-sampling to 1 sample per symbol is performed. The chosen sampling point is the one that produces the sampled
signal with minimum variance. The amplitude is normalized and the constellation is de-rotated by a constant angle for all
symbols. This means that no carrier phase recovery algorithm was used to mitigate any kind of phase noise or parasitic
phase modulation.

Concerning figures of merit, the EVM is measured as described in [4], with the reference symbols obtained from applying
hard-decision to the input symbols. The symbol error rate (SER) of a given sequence is estimated after time-aligning such a
sequence with the original sequence, experimenting all possible rotations of π/2, and selecting the one which minimizes the
SER. The presented values of amplitude, EVM and SER are the average of 100 frames. The representative constellations are
the overlap of the constellations of the best frames for every possible combination, i.e., paths 1, 2, 3 and 4 for one enabled
path; paths 1 + 2, 2 + 3, 3 + 4, 1 + 3, 2 + 4 and 1 + 4 for two enabled paths; and all four enabled paths.

Supplementary Note 6: Assessment of custom-made modules in a space environment

Upscaling and implementing the proposed photonic payload receiver in a communications satellite must be done step by
step, by increasing the technology readiness level from the current level 3 up to level 7. Such implies not only upscaling the
proposed system, but also space-qualifying components, sub-systems and, finally, the complete system. Space qualification
is a meticulous process that aims to guarantee that the qualified devices and systems are able to operate reliably in the
harsh conditions of space for the entire lifetime of the satellite. In this section, we summarize the results obtained from trials
conducted in collaboration with ALTER test house in CNA (Centro Nacional de Aceleradores) Gamma Facility in Seville,
Spain, with the objective of assessing the behavior of GaAs modulators and custom-made Erbium-doped fibres (EDFs) to
space conditions.

The environmental credentials of GaAs/AlGaAs III-V semiconductor material system on which the modulator arrays build
are well known. It has many desirable properties for RF devices which must survive and operate in harsh environments,
and has remained the material of choice for mm-wave electronics and monolithic microwave integrated circuits. It is thus a
natural choice for space-borne systems. Nonetheless, four IQ modulators fabricated and packaged with the same methods
as the modulator arrays used in the experiments were put to test. The conducted trials were the following: endurance to a
temperature of 70 ◦C for 2000 h; gamma irradiation at a rate between 3.6 and 36 krad h−1 up to a total ionizing dose (TID)
of 100 krad; random vibration during 3 min per axis; shock of 500 g in 1 ms; proton flux at 60 meV up to 1012 cm−2; and 50
thermal cycles between −40 ◦C and 85 ◦C under vacuum. The performance metrics were insertion loss, extinction ratio and
half-wave voltage, Vπ. Alter did not observe consistent variations in the measured metrics, concluding that degradation in
performance was not observed.

Concerning the EDMCFA, an EDF identical to the one of the used amplifier was subjected to gamma irradiation up to
a TID of 100 krad. A radiation-induced gain drop of only 0.7 dB was measured with a pre-irradiation gain set to 26.1 dB,
showing negligible performance degradation [5]. All the remaining components of the EDMCFA, i.e., laser pump diodes and
passive components, did not require testing as it were already space-qualified or in the process of being so.

No tests were done to PICs, as IHP’s technology SGB25RH, similar to the one used for fabricating the PIC, was under
evaluation by the European Space Agency targeting space qualification. Such evaluation was successfully concluded [6]. No
tests were done to any part of the MCL, as it was implemented with COTS modules not suitable for a space environment.

In summary, preliminary trials for assessing custom-made modules in a space environment did not show significant degra-
dation in performance. Ensuing space qualification looks promising.
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B. Project BEACON

“BEACON is a targeted research project with the specific, well-defined technical ob-

jective of developing highly compact and power efficient photonic components that will

realize for the first time a scalable PAA system in a practical and manufacturable way

so that it will guarantee practical deployment both in payload and ground radar systems.

The project consortium has been selected so as to include the entire technology develop-

ment chain, from components (aXenic, G&H, INPHOTECH, IHP) to systems (ADS,

IT, WATGRID). In this rationale, the BEACON team consists of one space industry

prime (ADS), three SMEs (aXenic, WATGRID, INPHOTECH) and two research cen-

ters (IHP, IT). Using this composition, BEACON covers the complete supply chain,

and provides clear and credible paths for turning the targeted scientific achievements

into commercial products and an exploitable system with strong market potential.”

BEACON requires a diversity of expertise and know-how for achieving its technology

objectives. To achieve such goals, BEACON consortium includes organizations with

cutting-edge know-how in: a) fabrication of III-V electro-optic modulators (aXenic),

b) foundry-based CMOS compatible silicon photonic waveguide and component fabri-

cation (IHP), c) micro-structured fibre design and drawing, d) optical amplifier design

and fabrication (CONSTELEX and G&H), d) high-speed optoelectronic packaging and

system integration (aXenic, WATGRID, IT), e) performance evaluation from compo-

nent and system perspective (ADS, IT) and f) technology exploitation in the form of

space qualified systems (ADS). The beneficiary roles and integration in BEACON’s

project are presented in Fig. B.1.

Figure B.1: BEACON beneficiary roles and integration. More information about the project
can be found here.
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In order to achieve the objectives of the project, the work is organized and split into

the following work-packages:

� WP1: Project management (Leader aXenic)

� WP2: System architecture, specifications and fabrication methodology (Leader

IHP)

� WP3: Space qualified optical fibre amplifier (Leader INPHOTECH)

� WP4: Photonic microwave signal mixing and beamforming (Leader aXenic)

� WP5: System integration, testing and space evaluation (Leader IT)

� WP6: Technology exploitation and commercial evaluation (Leader ADS)

� WP7: Dissemination (Leader WATGRID)

The final work in this thesis was not only the effort of one single person or group

from one institution, but a successful international effort in which all participants

worked closely together towards the final goal: a live demonstration including all devices

produced in the project.

The author therefore wishes to clarify her role in the project. It included the com-

plete participation in WP2 and WP5. The author’s mission in WP2 was to help define

the requirements and OBFN specifications (T2.1), definition of component and module

specifications (T2.2), definition of component fabrication and module assembly method-

ology (T2.3). In WP4, the design and fabrication of silicon photonic TTD beamformer

module (T4.3). In WP5 the component and module-level evaluation (T5.1) and sys-

tem integration and evaluation (T5.2). Finally, in WP7, her contribution was in the

dissemination and promotion of research results to the scientific community (T7.1), to

the industry (T7.2) and general public (T7.3), and also project networking (T7.4).
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based electro-optic modulator on silicon-on-insulator with a heterogeneously in-

tegrated III-V microdisk cavity,” Optics Letters, vol. 33, no. 21, pp. 2518–2520,

Nov. 2008.

[137] J. D. Cressler, “SiGe HBT technology: a new contender for Si-based RF and

microwave circuit applications,” IEEE Transactions on Microwave Theory and

Techniques, vol. 46, no. 5, pp. 572–589, May 1998.

[138] J. D. Cressler, Fabrication of SiGe HBT BiCMOS Technology, 1st ed. CRC

Press, 2007.

[139] M. J. Deen and P. K. Basu, Silicon Photonics: Fundamentals and Devices, ser.

Wiley Series in Materials for Electronic & Optoelectronic Applications. Wiley,

2012.

[140] S. Lischke, D. Knoll, C. Mai, L. Zimmermann, A. Peczek, M. Kroh, A. Trusch,

E. Krune, K. Voigt, and A. Mai, “High bandwidth, high responsivity waveguide-

coupled germanium p-i-n photodiode,” Optics Express, vol. 23, no. 21, pp. 27 213–

27 220, Oct. 2015.

[141] S. Lischke, D. Knoll, L. Zimmermann, P. Rito, A. C. Ulusoy, A. Awny, D. Petousi,

I. G. Lopez, C. Mai, M. Kroh, B. Heinemann, H. Rucker, R. Barth, J. Katzer,

M. A. Schubert, M. Kaynak, and A. Mai, “Photonic BiCMOS technology - En-

abler for Si-based, monolithically integrated transceivers towards 400 Gbps,” in

2016 11th European Microwave Integrated Circuits Conference (EuMIC), Oct.

2016, pp. 456–459.

169



6. Bibliography

[142] S. Lischke, D. Knoll, S. Tolunay-Wipf, C. Wipf, C. Mai, A. Fox, F. Herzel,

and M. Kaynak, “Side-use of a Ge p-i-n photo diode for electrical application

in a photonic BiCMOS technology,” 2016 IEEE Bipolar/BiCMOS Circuits and

Technology Meeting (BCTM), pp. 126–129, 2016.

[143] M. Riordan and L. Hoddeson, Crystal fire: the invention of the transistor and

the birth of the information age, 1st ed. WW Norton & Company, 1998.

[144] N. Weste and D. Harris, CMOS VLSI design: a circuits and systems perspective,

4th ed. Pearson Education India, 2015.

[145] F. Wanlass and C. Sah,“Nanowatt logic using field-effect metal-oxide semiconduc-

tor triodes,” in 1963 IEEE International Solid-State Circuits Conference. Digest

of Technical Papers, vol. VI, Feb. 1963, pp. 32–33.

[146] L. L. Vadasz, A. S. Grove, T. A. Rowe, and G. E. Moore, “Silicon-gate technol-

ogy,” IEEE Spectrum, vol. 6, no. 10, pp. 28–35, Oct. 1969.

[147] C. Mead and L. Conway, Introduction to VLSI systems. Addison-Wesley Read-

ing, MA, 1980, vol. 1080.

[148] G. E. Moore, “Cramming more components onto integrated circuits, Reprinted

from Electronics, volume 38, number 8, April 19, 1965, pp.114.” IEEE Solid-State

Circuits Society Newsletter, vol. 11, no. 3, pp. 33–35, Sep. 2006.

[149] M. Salib, L. Liao, R. Jones, M. Morse, A. Liu, D. Samara-Rubio, D. Alduino, and

M. Paniccia, “Silicon Photonics.” Intel Technology Journal, vol. 8, no. 2, 2004.

[150] I. A. Young, E. Mohammed, J. T. S. Liao, A. M. Kern, S. Palermo, B. A. Block,

M. R. Reshotko, and P. L. D. Chang, “Optical I/O Technology for Tera-Scale

Computing,” IEEE Journal of Solid-State Circuits, vol. 45, no. 1, pp. 235–248,

Jan. 2010.

[151] J. W. Haus, Fundamentals and Applications of Nanophotonics, 2nd ed., ser.

Woodhead Publishing Series in Electronic and Optical Materials. Elsevier Sci-

ence, 2016.

[152] S. Assefa, F. Xia, W. M. J. Green, C. L. Schow, A. V. Rylyakov, and Y. A.

Vlasov, “CMOS-Integrated Optical Receivers for On-Chip Interconnects,” IEEE

Journal of Selected Topics in Quantum Electronics, vol. 16, no. 5, pp. 1376–1385,

Sep. 2010.

[153] J. S. Orcutt, A. Khilo, C. W. Holzwarth, M. A. Popović, H. Li, J. Sun, T. Boni-
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