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ABSTRACT
Optical satellite communications provide high-data rates with compact and power efficient payloads that can solve the bottle-
necks of RF technologies. Photonic integrated circuits have the potential to reduce the cost, size, weight, and power consumption 
of satellite laser communications terminals, by integrating all the required photonic components on a chip. This can be achieved 
by leveraging on the mature technology for fiber communications. In this article, the technology status of photonic integrated 
circuits for optical satellite link is reviewed. Different material platforms are compared, with a focus on high-speed coherent op-
tical communications. The integration of the photonic chip into a communications payload is discussed, together with possible 
challenges and opportunities. The impact of the space environment, especially the one of radiation, on the performance of the 
integrated photonic devices is reviewed and discussed.

1   |   Introduction

Optical technologies play a key and crucial role in today's 
communications. Terrestrial systems, such as long-haul fiber-
optic networks, have been able to keep up with the exponen-
tial growth of the Internet data rates by developing novel, and 
more sophisticated solutions. Among these, photonic integrated 
circuits (PICs) are one of the enabling technologies to achieve 
high performance while reducing power consumption and sys-
tem footprint. First conceived in 1969 [1], their evolution closely 
resembles that of electronic ICs. While in the beginning only a 
single component per chip was possible, nowadays thousands 
of different functionalities can be integrated on a single chip 
[2]. For instance, state-of-the-art PICs enable Tb/s capacity by 
monolithically combining tens of active and passive compo-
nents [3, 4]. Furthermore, in recent years, the rapid development 
of this technology has led to the establishment of open-access 
commercial foundries [5, 6]. These allow any user to design and 
fabricate PICs, taking advantage of the library of device designs 

already available, without the need of developing and establish-
ing a fabrication process. Contrary to electronic integrated cir-
cuits (ICs), where Si is the dominant material platform, many 
different technologies are available for PICs, such as indium 
phosphide [7, 8], silicon [5], or silicon nitride [9]. Since the devel-
opment of PICs has been driven primarily by their application 
in fiber optic communications, the available foundries can offer, 
among others, the key building blocks for advanced high-speed 
optical transceivers, such as high-speed modulators and photo-
detectors [6, 10]. These key blocks could now benefit other appli-
cations, such as optical satellite links (OSLs) for high throughput 
communications, time transfer, and ranging.

The interest in optical satellite communications has grown rap-
idly in recent years [11–15]. Thanks to the high data rates pro-
vided by optical links [16–18], satellite networks based on OSLs 
have the potential to unlock the spectral bottleneck that RF 
technologies are facing nowadays [11, 15]. Furthermore, they 
can complement the existing fiber network, and provide global 
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broadband access. The currently demonstrated laser commu-
nications systems for satellites are built using discrete optical 
components, meaning that the employed devices are packaged 
separately, and inter-connected via fibers. Since satellite pay-
loads are limited in terms of size, weight and power consump-
tion (SWaP), miniaturization and integration of components 
benefits the entire system, thus reducing the overall cost and 
SWaP (C-SWaP) of the optical communications terminal [11, 19]. 
Furthermore, the use of PICs gives access to other physical pro-
cesses, such as microresonator-based combs, which can be used 
for massively parallel optical communications [20, 21]. Another 
advantage is that PICs are less sensitive to external perturba-
tions compared to the discrete counterparts, thus making them 
suitable for the challenging space environment [11]. However, 
space-based PICs are still a novel topic of research. Space-based 
systems face a number of challenges that are different from 
terrestrial-based systems. First of all, the environment itself 
is fundamentally different, due to radiation and temperature 
fluctuations experienced by an orbiting spacecraft. These can 
degrade and/or change the performances of regular terrestrial 
optical transceivers. For instance, results show that the radia-
tion the spacecrafts experience on orbit can shift the wavelength 
of a laser [22], and increase losses in waveguides [23]. Second, 
the system requirements for an OSL are different from those of 
a fiber-based link, due to the different channel properties. For 
instance, the Doppler effect caused by the satellite movement 
needs to be accounted for not only in the transceiver design, but 
also for allocating the bandwidth in a wavelength division mul-
tiplexing (WDM) channel. Another challenge is the temperature 
cycling experienced by the payload during the spacecraft orbit. 
Since the components are integrated in a small volume, the ther-
mal power density is increased, thus making more complicated 
to keep the operational temperature stable [24]. Therefore, tar-
geted developments are needed to adapt the current terrestrial 
PIC technology to OSL.

In this paper, we provide a comprehensive review of the latest 
technological developments towards the integration of bulk 
optical components into PICs for OSL applications. In the first 
part, we will analyze the available materials and devices that 
could be used for OSLs. We will also discuss possible strategies 
for integrating PICs into an OSL terminal and present current 
challenges and opportunities. In the second part, we will report 
on the environmental tests that have already been performed 
on PICs, with a focus on radiation. The three main categories of 
radiation tests are reported, compared, and analyzed, namely, 
total ionizing dose (TID) effects, displacement damage (DD) 
effects, and single event effects (SEE). Finally, conclusions are 
drawn from the discussed topics.

2   |   Technology Review

PICs have been a tremendous technological advancement in the 
field of optics and photonics. The integration of numerous optical 
functions has found applications in a wide range of fields, from 
high-speed data communications, to quantum computing and 
sensing. In optical communications, PICs allowed to integrate 
the needed components, such as modulators, lasers, and pho-
todetectors, on a single chip, instead of having separate devices 
interconnected by fibers. This section discusses the technology 

status of PICs, but with the specific focus on using this platform 
for OSLs in the C-band (1530–1565 nm). Although there are three 
main free-space optical telecommunication wavelength ranges 
around 810, 1064, and 1550 nm that are not strongly absorbed by 
the atmosphere [25], most commercial components, and PICs, 
have been developed for fiber communications in the C-band [25]. 
First, we will give a brief introduction to PICs for the reader unfa-
miliar with the topic. The different technology material platforms 
are discussed in the second subsection. Then, we discuss the use 
of PICs in the context of OSLs, including recent experiment in-
volving PICs for free space optical communications. Finally, cur-
rent challenges and opportunities are discussed.

2.1   |   PICs: Brief Introduction

PICs can be seen as the optical counterparts of electronic ICs. 
An electronic IC is a semiconductor chip on which multiple 
electronic components, such as transistors, resistors, and 
capacitors, are fabricated together and interconnected by 
conductive traces. Similarly, a PIC is a chip on which opti-
cal components are integrated and interconnected by wave-
guides. In contrast with electronic IC, where the signal is an 
electrical one made up of electrons, a PIC transports and mod-
ifies an optical signal made up of photons. A complete history 
of this technology can be found in [2], of which we summa-
rize some key steps here. The concept of PIC was first pro-
posed in 1969 [1], but the technology had limited commercial 
success for the first 40 years. However, with the introduction 
of optical networks, this technology played a crucial role in 
scaling the optical communication bandwidth, and the last 
two decades have seen an exponential growth of PICs, both in 
terms of the number of components per chip and of the data 
capacity per chip. Today, this technology has reached a matu-
rity that allows for open-access commercial foundries [5, 6]. 
As an example, Figure  1 shows a photograph of an indium 
phosphide PIC fabricated through such a commercial foundry. 
This shows a 8 mm × 2 mm InP chip designed for OSLs [19]. 
The chip contains multiple optical components, including two 

FIGURE 1    |    A 2mm × 8mm InP PIC (black) fabricated in a commer-
cial foundry, integrating an optical transceiver designed for OSLs [19]. 
The chip is glued on a printed circuit board (green). Electrical connec-
tions (gold) between the PIC and the board are made via wire-bonding. 
Light coupling from/to the PIC is achieved via edge coupling, using the 
nine spot size converters (gray) on the right edge of the PIC in combina-
tion with a fiber array.
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laser sources, a Mach-Zehnder modulator, two pairs of bal-
anced photodetectors, two photodetectors, a 90° hybrid, and 
many splitter and combiners. All of these are interconnected 
by optical waveguides. Compared to using discrete compo-
nents, where each one of these devices would be a separate 
package with fiber connectors, everything is monolithically 
integrated onto a single chip. As we will see later, some ma-
terial platforms for PICs are compatible with the fabrication 
processes of electronic ICs, and thus also the electronic com-
ponents could be integrated on the same chip as the optical 
ones. The chip shown in Figure 1, as for any bare chip, needs 
to be interfaced with the outer world; that is, it needs to be 
packaged. A packaging review can be found in [26], where dif-
ferent packaging strategies for PICs are discussed.

2.2   |   Material Platform

PICs can be fabricated on a variety of different material plat-
forms that exhibit different optical and electrical properties. 
Therefore, the functionalities and performance requirements of 
a specific application are critical in the choice of the technology 
platform. Especially when fabrication relies on a commercial 
foundry, the choice of the material also limits the available de-
vices that can be integrated. For instance, lasing and amplifica-
tion cannot be achieved by using silicon. Nevertheless, in the 
recent years there has been a strong growth of hybrid photonic 
circuits, that is, integration of chips of different materials, and 
the technological challenges such as optical interconnection and 
packaging are being addressed [27]. This solves the problem of 
being limited to the performances of one platform alone, and al-
lows to integrate the best of each material. We will now discuss 
different material platforms available to fabricate components 
for high-speed satellite optical communications. This discussion 
focuses on the key properties that are needed for high-speed 
OSLs in the C-band. A non-application specific comparison of 
the materials, that includes properties such as refractive index 
and bandgap, can be found in [27].

The main material platforms that are available through open-
access services are indium phosphide (InP) [6], silicon (Si) and 
silicon nitride (SiN) [28], and silicon dioxide (SiO2). SiO2 can only 
be used for passive devices, and it is excluded from the discus-
sion because active devices, such as modulators and lasers, are 
the critical components of an optical communications system. 
Si is a semiconductor with a high refractive index. It is compat-
ible with complementary metal-oxide-semiconductor (CMOS) 
processes, allowing for monolithic integration with electronics 
and for fabrication in standard CMOS foundries. The latter is a 
major advantage in the development of Si photonics (SiPh) PICs, 
because it allows access to mature, low-cost, and high-yield fab-
rication processes [10]. Another platform that is compatible with 
CMOS processes is SiN. Compared to Si, it has a wider transpar-
ency window and lower optical loss, which can be used for appli-
cations ranging from the visible to near-infrared wavelengths. 
InP is a compound semiconductor and, among these four mate-
rials, the only one with a direct bandgap. This means that it can 
be used to fabricate devices where light is emitted and absorbed 
by carrier recombination in the bandgap. In other words, it is the 
only platform on which lasers can be fabricated, thus making 
it of critical importance to an optical communications system. 

Another material platform that is worth mentioning is lithium 
niobate (LiNbO3). LiNbO3 is a ferroelectric material with strong 
electro-optic properties, and it is commonly used in the fabrica-
tion of discrete modulators. Recent advances in the fabrication 
of thin-film LiNbO3 have enabled the fabrication of thin-film 
lithium niobate on insulator (LNOI) chips. However, LNOI is 
still not a competitive integrated platform due to the non-mature 
fabrication techniques [29]. The development of a first European 
LNOI foundry has only very recently started [30].

The key properties are listed in Table  1. For each material 
platform, a colored grade (+, O, and –) is provided to indicate 
whether a property is well-satisfied, partially-satisfied, or not 
available in the material platform, respectively. While we could 
have provided state-of-the-art values here, such values are usu-
ally not the ones provided by commercial foundries, and even 
different foundries can have significantly different values. For 
example, different SiPh foundries can provide maximum detec-
tor bandwidths ranging from 35–60 GHz, and waveguide losses 
ranging from 0.9 to 2.5 dB/cm [10]. The key properties are now 
discussed:

•	 Waveguide loss: Waveguides are the basic building block 
of any PIC, as they connect the integrated devices. The 
waveguide loss is thus important to minimize the reduc-
tion in the optical signal power from one device to another 
and thus the total loss at the transmitter and receiver side. 
Optical satellite links typically operate on a tight optical 
power budget, with a link margin such as 2 dB [15], so keep-
ing the losses low is important for an OSL system. Of the 
materials mentioned, SiN and LNOI have the lowest losses, 
typically in the order of 0.01 dB/cm [10] and 0.1–0.01 dB/cm 

TABLE 1    |    Key properties comparison for high-speed optical 
communications among different technology platforms.

Property InP [6]
SiPh 

[10, 28]

SiN 
[10, 
36]

LNOI 
[29, 31]

Waveguide loss O O + O

Optical gain/
amplification

+ — — —

Photodetector + + — —

Fiber coupling O O + O

Polarisation 
independence

O — O —

RF modulation + + — +

CMOS 
compatibility

— + + O

Footprint — + O O

All-in-one + O — —

Open access 
MPWs

+ + + O

Note: The grades (+, O, and —) indicate whether a property is well-satisfied, 
partially satisfied, or not available in the material platform, respectively.
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[31], respectively, as opposed to SiPh and InP, which are on 
the order of 1 dB/cm [6, 10].

•	 Optical gain/amplification: Optical amplification can 
only be realized in materials with a direct bandgap, which 
in this case is only InP. InP semiconductor optical amplifi-
ers (SOAs) can be used to realize amplifiers, or lasers when 
combined with a feedback mechanism. Having a light 
source is fundamental on the transmitter side, and is also 
required on the receiver side for coherent communication. 
Therefore, InP is always needed, either as a standalone PIC 
or in combination with other platforms.

•	 Photodetector: High-speed photodetectors (PDs) are 
needed on the receiver side, in order to convert the optical 
signal into an electrical one. Bandwidths in the tens of GHz 
range can be achieved in both InP and SiPh, employing 
InGaAs and Si-Ge PDs, respectively.

•	 Fiber coupling: Loss due to the fiber coupling is another 
important metric and contributes to the total link loss. 
Every PIC needs to be interfaced with the overall optical 
system by coupling the optical mode of the waveguide to 
the optical mode of a connected fiber. This interface is typi-
cally lossy, and the loss depends on how accurate the mode 
matching is.

•	 Polarization independence: Available integrated de-
vices are typically optimized to work with a specific light 
polarization, thus not being polarization independent. This 
limits the possibility of employing dual-polarization modu-
lation formats. A typical workaround is to use polarization 
rotators. However, integrated devices for polarization con-
trol are challenging to fabricate [32] and not available for all 
foundries.

•	 RF modulation: High-speed modulation is essential for 
optical communications. Thanks to electro-optic effects, 
bandwidths of tens of GHz can be achieved in InP, SiPh, and 
LNOI. For instance, a 15-GHz InP modulator realized in a 
commercial foundry was presented in [33], allowing for 80-
Gbps operation. SiN modulators rely on thermal effects that 
limit the bandwidth to the kHz range, which is not enough 
for high-speed optical communications.

•	 CMOS compatibility: Integration with CMOS processes is 
an incredible advantage, allowing access not only to high-
yield and low-cost manufacturing but also to monolithic in-
tegration with electronic ICs. Only SiPh and SiN are CMOS 
compatible.

•	 Footprint: The footprint of a material platform is given 
by how small the integrated photonic devices can be fabri-
cated. This is determined by the optical confinement, which 
in turn is given by the contrast between the refractive indi-
ces of the waveguide and its surroundings. The larger the 
difference, the stronger the confinement. Among the dis-
cussed platforms, Si has the strongest confinement.

•	 All-in-one: The only material platform that satisfies all the 
requirements is InP, that is, the only technology where a 
transmitter/receiver can be realized with monolithic inte-
gration, at the cost of a large footprint and incompatibility 
with CMOS processes. The other platforms do not provide 

lasing and amplification, and thus always need to be paired 
with an external source or an InP die.

•	 Open access foundries: Having access to a commer-
cial foundry allows to take advantage of already existing 
processes and knowledge, without having to develop one 
own fabrication. InP, Si, and SiN have several commercial 
foundries available. Recently, development towards the first 
LNOI commercial foundry have also been made [34, 35].

From this brief comparison, it is evident that there is a trade-
off in between the different platforms when selecting a ma-
terial for integrating OSL systems into a PIC. InP is the only 
material that can handle all the required components at the 
cost of footprint, CMOS compatibility, and loss. Therefore, a 
combination of multiple material platforms might often be 
the only way to maximize the performance [37]. As an exam-
ple, the low loss of SiN can be used together with the optical 
gain of InP to realize extremely narrow-linewidth lasers [36]. 
Furthermore, one might consider employing different tech-
nology platforms for different subsystems of the OSL terminal. 
For instance, SiN could be used for (de)multiplexing and filter-
ing the transmitted/received optical signal, while InP is used 
for the optical signal generation, modulation, and detection.

2.3   |   PIC Integration Into Optical Space 
Communications Terminal

The system architecture of an OSL payload depends on the 
modulation format that is employed. For example, it differs if 
coherent modulation (phase and intensity) is used, or intensity 
modulation. Another difference would be if the system uses 
wavelength division multiplexing. Figure 2 shows a high-level 
block diagram of a OSL terminal, where some blocks are generic 
(i.e., receiver and transmitter) to fit any possible implementation.

The incoming optical beam is collected by the telescope and 
coupled into a fiber in the laser communications terminal. 
The fiber-coupled optical signal is then filtered, pre-amplified, 
and demultiplexed into the different wavelength channels. If 
a single wavelength channel is used, then no demultiplexer is 
needed and the optical signal is directly coupled to the single 
receiver. The optical signals are then converted to electrical 
ones using the optical receiver. On the transmitter side, the 
optical signal is generated and modulated according to the 
employed modulation format. The different wavelength chan-
nels are then combined in the multiplexer, when WDM is used, 
amplified in the erbium-doped fiber amplifier (EDFA), and 
transmitted through the telescope with the inverse steps of the 
received beam.

Since the focus of this paper is on the key-components for OSLs 
based on coherent optical communication, we illustrate this 
with the receiver and transmitter architectures for polarization-
division multiplexed quadrature phase-shift keying (PDM-QPSK) 
in Figure 3. This coherent modulation format is popular in fiber-
optics for its spectral efficiency, and it provides an overview of 
how the key on-chip components are used in this type of system. 
For a coherent receiver, the block includes several components, 
such as a polarization splitter and rotator, a laser, two 90° hybrids, 
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and four balanced PDs. On the transmitter side, a laser, four mod-
ulators, and a polarization rotator and combiner are used.

Figures 2 and 3 highlight that many different optical components 
need to be used, which could benefit from integration on one or 
multiple PICs. The integration strategy is driven by many different 
factors, such as system requirements, and material selection. On 
the receiver side, n InP chips could be used for the n receivers. An 
additional chip could be used for the WDM demux, for instance, 
by using arrayed-waveguide gratings (AWGs) based on SiPh [38], 
SiN [39], or InP [40]. The n + 1 approach makes the system ar-
chitecture scalable with the number of channels n. The receiver 
subsystem could also be integrated into two chips, one chip for the 

demultiplexing and one InP chip with all the receivers, making 
it more compact but more challenging to extract all the electri-
cal signals out from the single InP chip. Another option would 
be to have a single InP chip: Here, the advantage of monolithic 
integration comes at the cost of a lossy and large WDM demux. 
A similar reasoning applies to the transmitter subsystem, which 
could also be integrated in n + 1 chips, in the case of n separate 
transmitters and one multiplexer, or two chips, one integrating all 
the transmitters and one multiplexer, or a single monolithic chip. 
In addition, the optical filtering on the receiver side could also be 
integrated into a PIC. In principle, also the EDFA pre-amplifier 
could potentially be replaced by a SOA, but the noise level in cur-
rently available SOAs is higher than in EDFAs [41].

FIGURE 2    |    Block diagram of satellite/ground station laser terminal highlighting potential PIC subsystem integration. A WDM system is shown. 
If a single wavelength channel is used, then a demultiplexer (multiplexer) is not needed and the optical signal is directly coupled to the single receiver 
(transmitter). EDFA, erbium-doped fiber amplifier; WDM, wavelength division multiplexing.

FIGURE 3    |    Block diagram of possible architectures of an integrated receiver and a transmitter for PDM-QPSK. +90°, 90° phase shift; 1 × 2, one 
by two splitter; BPD, balanced PD; MMI, multi-mode interferometer; MZM, Mach-Zehnder modulator.
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Some studies have already employed PICs in free-space optical 
communications systems, thus demonstrating the potential of 
using this technology also for OSLs. In [42], the transmitter side of 
the link was integrated into an InP chip. The transmitter chip con-
sisted of a sampled grating distributed Bragg reflector (SGDBR) 
laser, two SOAs, and a MZM. The laser is tunable in the C-band 
with 44 nm of tuning range, it has a side mode suppression ratio 
(SMSR) of 55 dB, and a linewidth of 6.4 MHz. The two SOAs are 
used to compensate for the modulator insertion loss, and to boost 
the output power to 14.5 dBm. The signal from the PIC was col-
lected by a single mode fiber, coupled to an optical collimator, 
transmitted in air, and collected by another collimator. The fiber-
coupled signal is first attenuated to emulate the loss in a free-space 
link and then amplified with an EDFA to recover part of the lost 
power. Non-return-to-zero on-off keying (NRZ OOK) modulation 
at 1 and 3 Gbps was tested. Error free transmission was shown 
up to 300 m (28 dB of attenuation) with 3 Gbps and up to 400 m at 
1 Gpbs. Longer distances could be achieved with a booster-EDFA 
at the transmitter side, which is typically used in OSLs.

In [43], another InP transmitter was presented, consisting of a 
SGDBR laser, a SOA, a MZM and an electro-absorption mod-
ulator (EAM). The authors showed that the chip is suitable for 
optical satellite communications by measuring data rates up to 
10 Gpbs in NRZ-OOK and DPSK modulation at the output of the 
chip. Nevertheless, the chip was not tested with a lossy channel.

2.4   |   Challenges and Opportunities

While PICs offer a large number of benefits and advantages 
over the use of discrete optical devices for satellite-based op-
tical communications, they also face a number of challenges. 
Some of these limitations are in common with terrestrial fiber 
communications systems. For example, a number of function-
alities are currently not possible to be fully integrated on a 
chip. Three building blocks that are needed once per payload 
and that are not available on PICs are very high-power ampli-
fiers (> 10 W output power), optical isolators, and circulators. 
In the case of the first functionality, external fiber amplifiers, 
such as EDFAs, are employed as booster amplifiers in the OSL. 
There is ongoing research to address this functionality gap 
by either designing high-power SOAs [44, 45] or introducing 
Erbium-doping on a chip to form Erbium-doped waveguide 
amplifiers (EDWAs) [46, 47]. While both have made recent 
progress in terms of their performance, the power levels are 
still not sufficient for OSL applications. Optical isolators and 
circulators are another important functional block that is not 
currently ready for PIC integration. These devices are required 
to avoid potential problems with back-reflections into sensi-
tive components, such as lasers, arising from PIC interfaces 
that can ultimately lead to performance degradation of the 
entire integrated system. While this is important for classical 
communications, it can be of even higher importance in case 
of the quantum key distribution (QKD) systems, where receiv-
ers work in the photon-counting regime and thus additional 
photons due to back-reflection result in errors. Currently, the 
isolator functionality has to be implemented off the chip with 
the use of external components such as magneto-optic crys-
tals. However, recent developments in the field can lead in the 
near future to on-chip implementations [48].

There are also a number of additional challenges for PICs re-
sulting directly from the application in satellite-based optical 
communications. In this paper, the focus is placed on the explo-
ration of the impact of the environmental factors such as radia-
tion, temperature and mechanical shocks. All these phenomena 
and the resulting effects on the PIC need to be accounted for 
in order to design an operational system. Furthermore, in some 
optical link scenarios, additional effects, such as Doppler shift 
due to satellite relative movement, need to be considered in the 
design of the optical system elements including sources, filters, 
and coherent receivers.

Here, the primary focus is placed on satellite-based coherent 
optical communications systems and the on-chip components 
that are required for this application. However, one should 
keep in mind that PICs can be also employed in a number of 
other satellite systems that go beyond the optical communica-
tions field. As discussed in [49], PICs could also be employed in 
space system the fields of sensing, biological applications, au-
tonomous navigation and positioning, as well as imaging. The 
same or similar integrated devices can be used in applications 
such as time transfer and ranging [50], LiDAR [51, 52], optical 
gyroscopes [53], spectroscopy [54], and atmospheric turbulence 
compensation [55]. Moreover, integrated photonics can also em-
ployed in RF communications payloads with microwave pho-
tonics [56, 57], for instance to achieve beamforming, filtering, 
or up and down-conversion. Furthermore, there are also rele-
vant new optical functionalities that become more easily avail-
able through photonic integration, as is in the case of frequency 
combs [58] and photonic lanterns [59].

3   |   Space Environmental Effects

The development of integrated photonic devices for optical 
communications has been driven primarily by fiber-optic 
communications. As a result, the performance of such devices 
has been carefully optimized to operate in the terrestrial en-
vironment. The space environment is very different and pres-
ents additional complications and challenges to any space 
system. While the impact on electronic systems has been 
studied for decades [60], the impact on integrated photonics 
is a new topic of research and there are still many open ques-
tions [49, 61, 62]. The main focus of this section is the effect 
of space radiation, and it will be covered in the first and main 
part. The results described are derived not only from space-
oriented systems, but also from systems designed for terres-
trial environments with high levels of radiation, such as the 
Large Hadron Collider (LHC). Afterwards, other challenges of 
the space environment, such as thermal management, vibra-
tion, and lifetime, are briefly discussed.

3.1   |   Radiation Effects

Radiation studies are generally divided into three categories: 
total ionizing dose (TID) effects, displacement damage (DD) 
effects, and single event effects (SEEs). It is important to em-
phasize that, even though the three effects are studied inde-
pendently, they can all be caused by the same radiation event 
[62] and thus occur at the same time. A detailed description of 
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these three effects, including the radiation sources involved, 
damage mechanism, microscopic effect, and the macroscopic 
effect on photonic devices can be found in [63] and [62]. Here we 
briefly summarize the key information:

•	 TID: it is a cumulative effect, meaning that the radiation 
dose increases over the satellite mission duration. It con-
sists of an accumulation of charges at the material surface/
interface. It typically results in surface oxidation, carrier 
population increase, and bulk trapped charges [62]. These 
are typically studied using X-ray sources or cobalt-60 radia-
tion sources. To qualify a component for space applications, 
testing at radiation doses between 1.5 krad and 1500 krad is 
expected [64].

•	 DD: also a cumulative effect, it results in the displacement 
of atoms from the material, thus creating defects and carrier 
recombination centers [62]. DD effects are typically stud-
ied using two radiation sources: neutrons or protons. As 
discussed in [65], neutrons cause only non-ionizing dam-
age, and thus are an important radiation test to focus only 
on DD; however, protons are the most abundant radiation 
source in the near-Earth space environment [66], and gen-
erate both TID and DD. Both neutron and proton studies 
will be considered here. Fluences applied during DD testing 
and qualification are typically in the order of 1010 cm−2 to 
1012 cm−2 [63].

•	 SEE: this effect is transient, meaning that the material re-
covers after a period of time during which the properties are 
affected. It results in charge generation and a temporary in-
crease in carriers in the material [62]. This effect is typically 
tested with heavy ions. Typically, for a specific ion with a 
speficic energy, the test is conducted until 100 events are 
recorded or until a fluence of 1012 cm−7 is reached, which is 
sufficient for most environments [63]. Another technique is 
to employ high-energy lases pulses. The laser-induced SEE 
also results in a transient increase in carriers in the mate-
rial, but with a different distribution compared to an actual 
ion strike.

We will now look into the impact of these three radiation effects 
on four categories of integrated devices that are important for 
optical communications: passive devices, modulators, lasers and 
amplifiers, and photodetectors.

3.1.1   |   Waveguides, Resonators, Mach-Zehnder 
Interferometers

The effect of radiation on passive devices such as waveguides, 
ring resonators (RRs), and Mach-Zehnder interferometers 
(MZIs) can be reduced to a change in the optical properties of 
the material. This results in different refractive index and ab-
sorption losses that change the characteristics of the devices. 
In this respect, RRs and MZIs are based on interference and 
are therefore particularly sensitive to any change. Therefore, it 
is of interest to compare studies on these devices, even if they 
are different, as they indicate how a specific material platform 
responds to radiation. While it may be more relevant for opti-
cal communications to immediately look at key devices such as 

MZMs and PDs, this first step is critical because the fundamen-
tal change in optical properties is at the root of the radiation ef-
fects on any device.

Ring resonators are characterized by resonances that occur 
when the length of the resonator is equal to an integer number m 
of wavelengths in the medium, that is, 2�R = m�r∕neff. Similarly, 
the spectrum of MZIs is characterized by dips that occur when 
there is destructive interference between the optical signal in 
the two arms. When the effective refractive index neff of the 
waveguide changes due to radiation, the wavelength of such res-
onances and dips shifts. The shift of such resonances Δ� can be 
used to infer Δneff using [67]

where �r is the vacuum wavelength of the considered resonance, 
and ng is the group index, which can be determined with 

Here, FSR is the free spectral range of the resonances and 
L = 2�R is the resonator length. These equations are also valid 
for MZIs, where L is the arm imbalance length, that is, the 
difference in length between the two arms of a MZI. These 
equations are used in the following analysis to compare dif-
ferent studies.

3.1.1.1   |   TID.  First, we compare the measured difference in 
effective refractive index Δneff in the TID studies. Since not all 
of them directly report Δneff, we use Equation  (1) to convert 
the reported Δ� to Δneff. [68] also required a simulation of ng 
that was performed with Rsoft.

Figure 4a shows a comparison of the following materials: InP, 
Si, SiN, amorphous silicon1 (a-Si), SiO2, and LiNbO3. First, we 
can see that both an increase and a decrease of neff are possi-
ble, corresponding to a red and blue shift of the resonances, re-
spectively. More specifically, Si shows a negative shift in most 
studies, while InP, SiN, and a-Si show a positive shift. Among 
the latter, InP is the most sensitive to TID, with a significant 
increase after 1e5 rad. Another thing to note is the effect of 
cladding and waveguide dimensions, which can drastically 
change the effect of ionization. A direct quantitative compar-
ison of the results is not trivial, especially due to the differ-
ent radiation sources used, typically �-ray or X-ray, and the 
different radiation doses. However, a qualitative analysis and 
comparison of these studies can be made. To understand the 
results, several aspects should be considered. The first is the 
effect of TID on the materials themselves, that is, the change 
in refractive index Δn. The second aspect is to consider the 
combination of Δncore and Δncladding to the total Δneff. In other 
words, what is the total result of the changes in the waveguide 
material and in the material surrounding the waveguide. Last 
but not least, the presence of a cladding on top of the wave-
guide needs to be considered. These three effects are now dis-
cussed in detail.

(1)Δneff =
ngΔ�

�r
,

(2)ng =
�2r

FSR ⋅ L
.
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The damage Δn is the result of a combination of different 
microscopic processes, namely, surface oxidation, trapped 
charges and defects, and volume compaction or expansion 
[62]. The presence of multiple processes has been clearly 
demonstrated and explained by Du et al. [70], where a-Si and 
SiN were exposed to ionizing radiation in both air and argon 
(Figure 4a shows the air results). When ionized in argon, both 
a-Si and SiN show a strong increase in neff. Instead, this trend 
is different in air, and Δneff of a-Si has a saturation for a TID 
of 6 Mrad, and Δneff of SiN has a decreasing trend. This has 
been attributed to surface oxidation, which is now possible 
due to the presence of oxygen: silicon dioxide has a lower re-
fractive index than Si and SiN, so surface oxidation reduces 
n. Another study that shows that there are various competing 
mechanism is [71], where the authors extracted Δneff by using 
a microbeam X-ray to target a specific arm in a MZI with 
450 × 220nm2 cladded Si waveguides. The data are not shown 
in Figure 4a due to the much higher dose (1e9–1e12 rad) used 
in this study. At first, Δneff is negative, which was attributed 
to oxidation. This negative trend eventually stops, because 
the cladding limits the available oxygen. At high doses, above 
4e11 rad, Δneff is positive, meaning that a competing process 
has reverted the previous negative shift. Radiation-induced 
compaction was considered as the likely cause of this positive 
trend. Another similar study was performed in [72]. Also in 
this case, a SiO2 cladding is used to stop surface oxidation, 
which allows to prevent the blue shift otherwise experienced 
by the devices without cladding. Similarly to [71], Δneff shows 
a saturation after the initial decrease, which was motivated 
by a saturation of the oxidation process beyond the native 
oxide. Another interesting feature of Figure  4a is that both 
positive and negative Δneff were reported for similar unclad 
Si waveguides [72, 73]. Therefore, the dominant microscopic 
process also seems to be determined by the applied dose rate 
and total dose. Dumon et al. [73] and Bhandaru et al. [72] used 
two very different dose rates and total doses, 105 rad/min up 
to 300 krad [73] and 44.7 rad/min up to 6705 krad [72], respec-
tively. Dumon et al. [73] measured a positive Δneff, which was 

attributed to defects. Instead, Bhandaru et al. [72] measured a 
negative Δneff, attributed to surface oxidation.

The second aspect that determines Δneff is now considered, 
namely, its relationship to Δncore and Δncladding. In a waveguide, 
neff can be intuitively understood as the average of its ncore and 
ncladding, weighted by the optical mode overlap with the core and 
cladding regions. As an example, the simulation of the optical 
field profile in two Si waveguides is shown in Figure 5. The re-
sulting neff is lower for the waveguide in Figure 5a compared to 
the one in Figure 5b due to the lower confinement, thus higher 
overlap with the low-index SiO2. This also shows that lower con-
finement results in more overlap with the waveguide surface 
where trapped charges accumulate and surface ionization oc-
curs. Δneff can be described as [74]

where Γcore and Γclad are the optical mode confinement factors in 
the core and cladding, respectively. By varying the dimension of 
a silicon carbide2 (SiC) waveguide in SiO2, Du et al. [74] showed 
the validity of this equation and that it is possible to extract 
separately Δneff, ΔnSiC, and ΔnSiO2

. Furthermore, they showed 
that it is possible to optimize the confinement factor to have a 
radiation-hardened waveguide by taking advantage of the op-
posite signs of ΔnSiC and ΔnSiO2

. Using a similar approach, Zhou 
et al. [76] showed that a wide and thick Si waveguide can be used 
at very high radiation dose with only a small change in neff due 
to the extreme confinement of the optical mode, and thus small 
overlap with the carrier accumulation and oxidation occurring 
at the interface with the surrounding material.

In terms of TID-induced absorption losses, which is the second and 
complementary side of the change in optical properties, most of 
the previously mentioned studies did not find an increase in losses. 
For example, no significant additional loss was measured in InP 
[68], Si [72, 73], SiN [70], a-Si [70, 77], SiC [74], and SiO2 [78]. This 

(3)
Δneff

Γcore + Γclad
=

Γcore

Γcore + Γclad
Δncore +

Γclad

Γcore + Γclad
Δnclad,

FIGURE 4    |    Summary of (a) Δneff and (b) additional losses due to TID in different material platforms. Waveguide dimensions (width and height), 
presence of cladding, and reference are noted next to the plots. Strip/ridge waveguides are considered, unless rib is noted in the description; in this 
case, the waveguide dimension are strip width and total thickness (slab+strip). The Δneff is either given directly in the reference or inferred using 
Equation (1) and 2 with the available data. Only [68] required a simulation of ng that was performed with Rsoft.
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is a good indication that for most applications ionization does not 
appear to introduce noticeable losses. The few studies that have 
measured additional losses are summarized in Figure 4b. To spe-
cifically target the measurement of small additional losses, Zhou 
et al. [76] used spirals with lengths over 10 cm, while Boynton et al. 
[23] used an arrayed waveguide structure. We can see that the 
3000-nm-thick Si waveguide has considerably lower losses com-
pared to the 230-nm-thick one, again showing how strong confine-
ment is a good radiation hardening approach for Si. Another work 
that studied the influence of mode confinement on the additional 
loss was performed in [79]. Here, the authors studied three wave-
guide geometries: two rib waveguides with a different etch depth 
and a strip waveguide. The ionizing dose has the smallest impact 
on the geometry with the tightest confinement, which in this case 
is the 400 × 300nm2 rib waveguide.

3.1.1.2   |   DD.  Next, we discuss the topic of DD on pas-
sive devices. Literature results of DD-induced Δneff and losses 

are summarized in Figure 6a,b, respectively. Compared to TID, 
there is less literature available, which shows that radiation 
effects on PICs is still a young field of research.

A very comprehensive study on Δneff was performed by Zhou 
et  al. [80] on Si waveguides, where not only the waveguide 
dimensions but also the bending radii were varied to study 
different Γcore and Γclad. Similar to TID, optical mode con-
finement plays an important role in Δneff. Some of the mea-
sured Δneff are shown in Figure  6a. These measurements 
show that Δneff is inversely proportional to Γcore for Si, mak-
ing high-confinement waveguides more resistant to radiation. 
For example, when comparing devices without cladding, the 
450-nm-wide waveguide of a MZI shows a smaller shift com-
pared to the 400-nm-wide waveguide of RRs. This is also con-
firmed by using different ring radii: A RR with a larger ring 
radius, thus better mode confinement, has a smaller wave-
length shift of the resonance, that is, a smaller Δneff. Similar 

FIGURE 5    |    Simulation of the optical mode in a Si waveguide embedded in SiO2 with dimensions (a) 450nm × 220nm and (b) 2000nm × 2800nm

. Simulation performed with Rsoft. The waveguide section profile is represented by the white rectangle.

FIGURE 6    |    Summary of (a) Δneff and (b) additional losses due to DD in different material platforms. Waveguide dimensions, presence of the clad-
ding, and reference are noted next to the plots. Δneff is either stated directly in the reference or inferred using Equations (1) and (2) with the available 
data.
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results are shown for cladded devices. Once again, cladded 
devices show higher resistance compared to unclad ones, in-
dicating that DD also leads to surface oxidation [80]. To take 
advantage of the strong confinement as a radiation hardening 
mechanism, the same authors in a later publication showed 
improved radiation response with 3-μm-thick Si waveguide 
[76]. Studies on other material platform have been performed 
by Brasch et  al. [81], who tested proton irradiation on SiN 
rings with fluences up to 1.516e101/cm2, and by Piacentini 
et al. [78], who tested proton irradiation on SiO2 waveguides, 
MZI, and directional couplers with fluences up to 1e121/cm2. 
No change in neff was measured in either studies. With respect 
to DD-induced absorption losses, only two studies reported 
loss measurements, which are summarized in Figure 6b. Once 
again, the use of a thick and high-confinement Si waveguide 
shows strong resilience to radiation.

3.1.1.3   |   SEE.  SEEs are the less studied radiation effect, 
because of the experimental challenge of producing high-energy 
ions and of monitoring a dynamic effect that takes place on a 
very short time scale. To the best of our knowledge, SEE stud-
ies on passive photonic devices are limited to Si waveguides, 
and are based on either simulations [82, 83] or laser-induced 
SEEs [84, 85].

A first method to simulate SEE on a Si waveguide was pre-
sented by Goley et al. [82], where C and Kr ion strikes were 
simulated. First, the carrier distribution generated by the 
ion passing through the waveguide needed to be simulated. 
Then, the carrier concentration was converted into a change 
of the Si optical properties using the Drude model. Finally, 
finite difference time domain (FDTD) simulations were per-
formed to evaluate the impact of the ion strikes on the wave-
guide performance, that is, on the transmitted, reflected, and 
absorbed power. The lowest reported transmission for the 
selected ions was 91%, while the maximum phase shift was 
2°. FDTD simulations are computationally heavy, and in this 
case also limited to a carrier distribution which is static, and 
thus do not include the time dynamics of a SEE. Afterwards, 
analytical methods have been developed to simplify the 
simulation and to include the time evolution of the carriers 
[83, 85]. Using laser-induced SEEs, it was shown that the re-
covery time after which the waveguide transmission is back to 
nominal is around 200–300 ns [85]. This corresponds to about 
2000–3000 symbols in a 10-GBaud optical link. Nevertheless, 
this is only representative of a worst-case scenario, since the 
laser-induced SEEs overestimate the impact of an actual SEE. 
According to simulations [85], a realistic recovery time would 
be in the order of tens of ps. Another laser-induced SEE work 
was presented in [84], where the definition of optical single 
event transient (OSET) was given, to emphasize that the im-
pact of this physical process is limited to the optical domain, 
while SEEs are commonly associated with the radiation ef-
fects on electronics.

Although simulation results have shown that in principle a 100% 
loss is possible [84], some of these studies have shown that losses 
higher than 10% are highly unlikely [82, 85]. Therefore, the real 
impact of OSETs is still unclear, especially because the cited 
studies were based on simulated tracks of a few selected ions, for 
example, C and Kr [82], or on analytical Gaussian distributions 

of the carriers [83], or on laser-induced EHPs [84, 85], but not on 
a specific radiation environment with its heavy ions. A recent 
study [86] simulated the impact of multiple heavy ions using 
FDTD. Atomic numbers from 1 to 35 were simulated and in a 
broad range of energies. Using simulated ion fluxes for typical 
satellite orbits, and under the assumption of vertical ion strike, 
it was shown that losses above 6.5% are highly unlikely and 
that any loss above 1.5% has an expected rate smaller than one 
per hour.

3.1.2   |   Mach-Zehnder and Ring Modulators

High-speed modulators are one of the most important compo-
nents of a communications system because they modulate the 
optical signal with the transmitted information signal. In inte-
grated optics, modulators are typically implemented using two 
approaches: Mach-Zehnder modulators (MZMs) or ring modu-
lators (RMs). High-speed modulation is typically achieved by 
electro-optical (EO) effects, such as the Pockels effect, the car-
rier density effect, and the quantum-confined Stark effect [87]. 
Such EO effects change the optical properties of the material, for 
example, refractive index and absorption, and result in modula-
tion of the optical signal. Typical materials for high-speed inte-
grated modulators are Si, InP, and LiNbO3 [87]. In the following 
sections, we will report on radiation testing of MZMs and RMs. 
To compare different works, the normalized phase shift is typ-
ically considered as a metric. The phase shift induced by the 
modulator is measured over different radiation doses and nor-
malized to the pre-irradiation phase shift at the same bias point. 
When the normalized phase shift drops to 0, this is equivalent 
to the output of the unbiased device, indicating that the modu-
lation has no effect.

Before analyzing the impact of different effects separately, we 
would like to highlight a recent work [88] in which several 
SiPh MZMs were sent to the international space station (ISS) 
for six months and tested before and after their exposure to 
the space environment. The work reported that most of the 
devices can still operate with some degradation: The RF re-
sponse was unchanged, and a shift in the optical response due 
to a change in the effective refractive index on the order of 
10−3 was measured, together with a decrease in the extinction 
ratio from 30 to 20 dB.

3.1.2.1   |   TID.  One of the first studies in TID on a MZM 
was reported in [89], where SiPh MZMs were tested for use in 
the LHC. The measured degradation curve is shown in Figure 7a. 
Here the MZM was irradiated up to 1.2e8 rad, at which point 
the device was no longer operational. SiPh MZMs are typically 
realized by doping the material to achieve a p-n junction in 
the waveguide. By depleting the junction, the refractive index 
of the waveguide is changed. Therefore, the authors attributed 
the problem to the doping region of the MZM, meaning that 
the radiation had impacted the p-n junction, making depletion 
impossible. This was confirmed by a following simulation work 
[90]. In a subsequent publication, the same author showed a 
significant improvement in the response to TID, as shown in 
Figure 7a, by fabricating MZMs with a lower etch depth and a 
higher doping concentration [91]. Using simulation, they showed 
that the phase shift degradation is due to the removal of holes in 
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the p-doped region. The defects created by TID remove the car-
riers and the p-n junction cannot be depleted. The authors also 
measured that the degradation is faster when the bias voltage is 
higher, and that no change in performance was observed when 
the device was operated at −30 C. Further temperature studies 
examined the effect of post-radiation annealing and showed 
that full performance recovery is possible by applying a forward 
current [92]. A further improvement in radiation tolerance was 
reported in [93], where the length of the lowest concentration 
p-doped region, which is the most fragile point of the structure, 
is reduced compared to the previous generation. This results in 
higher resistance to radiation as shown in Figure 7a.

In the same work [93], the authors also investigated SiPh RM, 
which have the same p-n phase shifter junction as the MZM. 
Different doping concentrations were tested, and it was shown 
that the RM with the highest concentration is radiation toler-
ant, with almost no degradation up to 109 rad (data shown in 
the plot). Another work on SiPh RM instead focused on the RF 
bandwidth and reported only a small bandwidth decrease from 
17.75 to 16.6 GHz at 106 rad. [94].

Unfortunately, no reports were found for other material 
platforms.

3.1.2.2   |   DD.  DD effects have been reported for both SiPh 
and InP modulators. In [89], SiPh MZM modulators were 
exposed to 20-MeV neutrons with a fluence up to 1.2e15 cm−2 . 
The measurement is reported in Figure  7b and shows that 
the device is still operational with only a small change in phase 
shift. The same MZM design was later exposed with fluences up 
to 3e16cm−2 [91]. Again, the device was still operational, confirm-
ing the resistance of SiPh MZM to neutron irradiation. A study 
using proton radiation was performed in [65], and the results 
are shown in Figure  7b. The protons clearly have a much 
greater effect than neutron radiation. This can be attributed to 
the fact that protons cause both DD and TID damage, so the two 
cannot be separated. The same study also reported the change 
in IL, which increased from a pre-irradiation value of 6–14.5 dB 
after a fluence of 5e15 cm−2. Another study using protons was 

performed in [95] with InP modulators. The authors reported 
that the modulation response was almost absent after a fluence 
of 1e15 cm−2. Finally, DD on LiNbO3 has also been reported [96], 
where LiNbO3 thin film (10-μm-thick) modulators were irradi-
ated with He+. The results for different fluences are shown in 
Figure 7b. The IL was also measured and it increased from 2 to 
16 dB at a fluence of 5e16 cm−2.

3.1.2.3   |   SEE.  OSETs on MZMs were studied for the first 
time in [97], where laser-induced transients on a SiPh MZM were 
both measured and simulated. Interestingly, it was shown that 
the optical transient, that is, the variation in the MZM output 
optical power, depends on the biasing condition of the device. 
This operating point depends on the chosen modulation 
scheme. The authors showed that the OSETs are maximum 
when the MZM is operated in its quadrature point, while they 
are minima when the device is biased in the peak/null operation 
point. Therefore, the OSET impact on the optical communica-
tion signal depends on the modulation scheme.

3.1.3   |   Lasers and Amplifiers

This section covers the radiation studies performed on inte-
grated lasers and amplifiers. We discuss these devices together 
because a laser always includes an amplification part, thus ra-
diation results on lasers encompass the ones on amplifiers. Not 
every material platform can be used to fabricate an amplifier: 
a direct band-gap material such as InP or GaAs is needed. For 
instance, optical amplification cannot be achieved with Si and 
SiN. Radiation studies on lasers typically focus on some key 
performance metrics: lasing current, output power, and lasing 
wavelength.

As discussed in [22], radiation studies on lasers have been con-
ducted since 1970, but more studies are needed to test semi-
conductor integrated devices fabricated with standardized 
fabrication processes for photonic integrated circuits. Since we 
are interested in discussing PICs that can be fabricated in mod-
ern open-access foundries, we will focus on recent TID and DD 

FIGURE 7    |    Summary of modulator efficiency degradation by (a) TID and (b) DD, which is given by the post-irradiation phase shift normalized by 
the pre-irradiation phase shift at the same biasing condition. The ∗ indicates that multiple modulators design were analyzed in the publication, and 
here, the best data at room temperature are reported. Full marker stands for MZM, and empty marker for RM.
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studies on such devices. No SEE study on these devices has been 
published so far to the best of the authors' knowledge.

3.1.3.1   |   TID.  Integrated InP DBR lasers were studied 
in [22], where three different doses of 6, 20, and 50 krad were 
applied. The measurement reported negligible optical power 
variation, and no effect on the lasing threshold. The only nota-
ble change was a red shift of the emitted lasing wavelength, 
which shifted of 0.171, 0.473, and 0.881 nm for the three radi-
ation doses, respectively. Another work on integrated InP DBR 
laser was presented in [98], where ionizing doses up to 54 krad 
were applied. No change in performance attributed to radiation 
was found.

To complement these studies, we report also on two radiation 
tests on two discrete lasers. No significant drift was observed up 
to 100 krad for an InP distributed-feedback (DFB) laser in [99]. 
Similarly, no measurable damage up to 1e4 krad was measured 
in [100].

3.1.3.2   |   DD.  Some of the TID studies also performed DD 
tests. In the study on InP DBR lasers [98], the devices were irra-
diated with 60-MeV protons at fluences up to 1.5e11 cm−2. Again, 
no impact attributed to radiation was measured in this work.

Similar results were reported on DFB discrete lasers, with no ef-
fects under 30-MeV proton irradiation up to 1e12 cm−2 [99] and 
under 60-MeV proton irradiation up to 1e12 cm−2 [101]. Instead, 
a higher fluence up to 5e14 cm−2 of 0.8- and 20-MeV neutrons 
was used in [100]. This high fluence proved to be more damag-
ing, with an increase in threshold current of 4 and 18 mA for the 
two neutron energies, respectively. Nevertheless, the damage 
was partially reversed by annealing.

3.1.4   |   Photodetectors

In any optical communications system, photodiodes perform the 
critical function of converting the signal from the optical to the 
electrical domain. Similar to what was discussed earlier about 
lasers, radiation effects on PDs have been studied for many 

decades [102]. Here, we focus on discussing radiation studies 
on integrated PDs, which are integrated on a chip and collect 
light directly from a waveguide. Typically, these are defined as 
waveguide-integrated PDs, as opposed to normal-incidence PDs 
[103]. The key parameters of PDs are the responsivity, that is, the 
conversion rate from optical power into current, the bandwidth, 
and the dark current.

3.1.4.1   |   TID.  SiGe p-i-n integrated PDs for SiPh have been 
tested in a wide range of doses [91, 94, 104] and have shown 
a high tolerance to TID. No significant change in responsivity 
and bandwidth was measured in these studies. An increase in 
dark current was measured in all three studies, and the mea-
sured values normalized to the initial dark current are summa-
rized in Figure 8a. Up to a 1.8-fold increase in dark current was 
measured in [91].

Integrated InP PDs were tested in [98], where the generated 
photocurrent was measured in different steps up to 54 krad: No 
significant effect was detected. Regarding the other PD metrics, 
to the best of the authors' knowledge, there are no other reports 
on integrated InP PDs. Standard discrete InGaAs PDs have 
been tested in [105] up to 50 krad and no difference in respon-
sivity, bandwidth and dark current was found. A higher dose 
up to 1.7e4 krad was used in [106]. The authors concluded that 
InP PDs have a high tolerance to TID because no meaningful 
change in dark current was measured. A similar high dose study 
was performed in [107] where an order of magnitude increase 
was measured at 1e5 krad. No changes in responsivity and band-
width were measured.

For both InP and Si PD, the high resistance to TID has been 
attributed to the high doping levels in the p+ region of the p-
i-n junction and the large electric field separating the charges 
[94, 106]. This is different from the MZM and RM where there 
is a low doping p-region that is more easily affected by the for-
mation of defects.

3.1.4.2   |   DD.  Not many studies are available on the DD 
effects of waveguide-integrated PDs. In [108], Si-Ge p-i-n PDs 
were tested with 14-MeV neutrons up to a fluence of 7.5e12 cm−2. 

FIGURE 8    |    Summary of dark current increases in PDs from (a) TID and (b) DD. The post-irradiation dark current is normalized with the pre-
irradiation dark current. References marked with ∗ are taken from studies on discrete devices.
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The work showed that although DD resulted in carrier removal, 
no meaningful change in device performance was measured. 
This included measurements of dark current, responsivity 
and bandwidth.

No studies of waveguide-integrated InP PDs were found. 
However, we can still discuss DD radiation tolerance based on 
reports from discrete devices. A complete compendium of DD 
results on InGaAs PDs was presented in [109]. Here, it was con-
cluded that the dark current increases linearly with the DD dose 
and that InGaAs PDs are more than three orders of magnitude 
more sensitive to DD than silicon-based PDs. As an example, 
we report in Figure 8b some measurements on a PIN InGaAs 
PD with 105-MeV protons at 2.55e11 cm−2 fluence [110]. To im-
prove the radiation tolerance, dual-depletion region (DDR) InP / 
InGaAs PDs were tested where the p-i-n structure is replaced by 
a p-i-i-n structure [111]. These modified InP showed increased 
tolerance with no change in responsivity and bandwidth, and an 
increase in dark current of less than 2 for 50-MeV protons up to 
a fluence of 1e11 cm−2. These devices were also flown to the ISS 
for 18 months [112] and no change in device performance was 
measured.

3.1.4.3   |   SEE.  A first study of single event transients 
(SETs) on Si-Ge PDs was performed using a pulsed laser to 
generate SETs in [113]. Two different detector geometries were 
considered, a vertical p-i-n PD and a lateral p-i-n photodiode. 
The laser was used to generate charges in the active region 
of the PD, and transient currents from the PD were recorded. 
Both devices exhibit current transients with amplitudes up to 
10 mA. The transient duration was shorter for the vertical PD, 
with a full-width at half-maximum (FWHM) of about 0.4 ns, 
compared to a FWHM of 0.8 ns for the lateral PDs. The dif-
ference was attributed to the carrier transient time across 
the p-i-n junction, which is lower for the vertical PDs. Sub-
sequently, another paper tested SETs on Si-Ge PDs, but using 
ion bombardment from different heavy ions in order to have 
a test that is a more accurate representation of the space envi-
ronment [114]. Lateral p-i-n PDs were considered. Depending 
on the ion linear energy transfer (LET), current transients 
between 0.5 and 2.5 mA were measured. Interestingly, 
the amplitude of the transient decreases with the optical 
power at the input of the waveguide. This was attributed to 
a reduced electric field from the optically generated carriers, 
which in turn increases the carrier transient time and flattens 

the current transient over a longer period of time. As dis-
cussed in [114], the current transient can lead to a bit error if 
the amplitude is sufficient to pass the decision level between 
one bit and another.

No single event effect (SEE) studies were found on waveguide-
integrated InP. A test on a discrete p-i-n InP PD was performed 
in [115]. Current transients up to 20 mA were measured, with a 
pulse FWHM up to 10 ns. Both the time and amplitude of these 
peaks are larger than those measured on Si-Ge, but this can be 
attributed to the much larger volume that collects the carrier: 
80μm × 80μm  × 12μm [115] versus 0.9μm × 0.28μm × 15μm [114].

3.1.5   |   System Level

There are not many studies of radiation testing at a the system 
level, that is, testing multiple integrated devices together to study 
the combined effect on the system. In [116], an InP integrated 
receiver was tested. The chip included an absorber, two polar-
ization beam splitters, two 90° hybrids and multiple high-speed 
PDs. The bandwidth of the receiver was tested under ionizing 
radiation up to 100 krad. No significant degradation was mea-
sured in the response between 1 and 30 GHz. In [117], an analyt-
ical model was used to evaluate the impact of OSET on a deep 
space optical communications system using pulse position mod-
ulation. It was shown that the symbol error probability increases 
by several orders of magnitude during the OSET, and that higher 
bit rates are more vulnerable. This is due to the higher number of 
symbols within the time window of the transient.

To conclude, a summary of the different effects induced by radi-
ation on integrated devices is reported in Table 2.

3.2   |   Other Space Effects

So far, we have only discussed the impact of radiation. 
However, there are many other challenges that a space-based 
system has to face, not only during its operation but also during 
its deployment from Earth. For instance, vibration during the 
launch, different temperatures in different parts of the orbit, 
vacuum, limited power budget. These are typically reflected 
in the qualification process of a system intended for space 
applications. In order to qualify a photonic device for space 

TABLE 2    |    Summary of main radiation effects discussed in the text divided by radiation type and device category.

Device TID DD SEE

Waveguide/ring 
resonator/MZI

Additional loss and change 
in effective index

Additional loss and change 
in effective index

Transient additional 
loss and change in 

effective index

MZM/ring modulator Decreased phase shift at same 
bias and/or device is no longer 

operational at high dose

Decreased phase shift at 
same bias and/or device is 

no longer operational

Optical power transient

Laser amplifier Wavelength shift

Photodiode Dark current increase Transient increase 
of photocurrent
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application, it has to undergo numerous tests [118]. For exam-
ple, in the qualification of a laser reported in [99], 57 copies of 
the device were needed to complete the qualification process. 
This included temperature cycling, radiation testing, mechan-
ical stress, vacuum, humidity, and life test. Another example 
of multiple tests is [101], where a DFB laser module underwent 
proton radiation testing and vibration testing. There are not 
many studies on the qualification of PICs and its tests other 
than radiation. In [116], an integrated coherent receiver, pack-
aged in a standard butterfly package, was subjected to a series 
of environmental tests: thermal cycling between −5°C and 
65°C over 7 days, vibration testing, shock testing, and thermal 
vacuum testing. Temperature cycling resulted in only minor 
changes in device bandwidth at frequencies above 25 GHz. No 
degradation was observed during shock, vibration, and ther-
mal vacuum testing.

4   |   Conclusions

In this paper, we have reviewed the current state of the art in 
using PICs for OSLs. In Section 2, the technology was briefly 
introduced and the advantage of using photonic integration 
over separate discrete optical components was discussed: the 
use of PICs would reduce the C-SWaP of the communications 
payload, thus allowing more resources on the satellite. Four 
material platforms, SiPh, SiN, InP, and LiNbO3, were then 
presented and compared. The first three are already mature 
and available through open access services, while the last one 
is under development. We showed that while InP is the only 
platform that allows for all the components needed for opti-
cal communications, the use of multiple material platforms 
would allow to exploit the strengths and advantages of each 
material. We then showed how PICs would be integrated 
into an OSL terminal, and different integration approaches 
were discussed, for instance using a single monolithic chip 
or multiple chips composed of different materials. However, 
not every component can be integrated, and the challenges of 
achieving high output power, optical isolators, and circulators 
were presented.

Section  3 covered the effects of the space environment on 
PICs, with a particular focus on radiation effects. Since the 
available integrated devices were developed for terrestrial ap-
plications, it is critical to understand and evaluate the effects 
of the space environment. We analyzed the effects on four 
different device categories (passive waveguides, modulators, 
lasers and amplifiers, and photodiodes), focusing on the three 
radiation categories (TID, DD, SEE). Even though radiation 
affects the performance of the devices, we also discussed var-
ious mitigation approaches already available in the literature. 
For example, TID effects can be reduced by using cladding 
and strong confinement on waveguides, and high doping in 
SiPh MZM modulators. Nevertheless, as also concluded by Du 
[62] and by Tzintzarov et  al. [61], the research on radiation 
effects on PICs is new and further investigations are needed, 
especially at the system level. Other space effects, such as tem-
perature and vibration testing, were also briefly mentioned. 
While the focus of this paper was on OSLs, the space effects 
discussed are valid for any space application or use in any en-
vironment with high radiation levels.

In conclusion, PICs are a promising technology to be used in OSL 
terminals, which would allow to solve the current bottlenecks of 
RF communications in satellite networks. Although the research 
on the effects of space on PICs is new, this technology can utilize 
the mature and optimized components developed for the terres-
trial network. Therefore, we expect this technology to be used in 
the near future not only for OSL but also for other space applica-
tions such as microwave photonics, spectroscopy, and LIDAR.
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Endnotes

	1	Amorphous silicon (a-Si) is a different material platform compared 
to conventional silicon photonics based on crystalline silicon (c-Si). 
While passive devices show similar performances, active devices are 
limited due to the absence of activated dopants [69]. Therefore, it was 
excluded from the material comparison in Section 2.2. Nevertheless, 
radiation studies are reported in the environmental effect comparison 
due to the material properties being similar to the one of c-Si.

	2	SiC is extensively used in microelectronics, but less established in the 
field of integrated photonics [75]. Therefore, it was excluded from the 
comparison.
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Appendix A

Radiation Review

Table A1 summarizes the radiation studies listed in this paper, categorized by radiation effect, technology platform, and device category. Table A2 
summarizes the radiation studies listed in the paper, categorized by commercial foundry and technology platform.

TABLE A1    |    Literature references about radiation used in this work categorized by radiation effect, technology platform, and device category.

Device Technology platform TID DD SEE

Waveguide/ring resonator/MZI InP [68]  

  SiPh [23, 71–73, 76, 79] [76, 80] [84, 85, 82a], [83]a, [86]a

  SiN [70] [81]

  LNOI    

  a-Si [70, 77]  

  SiC [74]  

  SiO2 [78] [78]

Laser/amplifier InP [22, 98, 99b], [100]b [98], 99b, [101]b, [100]b  

MZM/ring modulator InP   [95]  

  SiPh [89, 91–94],90a [65, 89, 91] [97]

  LNOI   [96]  

Photodiode InP [98, 106b, [105]b, [107]b [109]b, [110]b, [111]b, [112]b [115]b

  SiPh [91, 94, 104] [108] [113, 114]

System InP [116]    

  SiPh     [117]a

aSimulation.
bDiscrete device.

TABLE A2    |    Literature references about radiation used in this work categorized by commercial foundry and technology platform.

Foundry Technology platform Reference

Oclaro InP [22]

SMART Photonics InP [95, 98]

CEA-Leti SiPh [79]

Global Foundries SiPh [84, 97, 108, 114]

Imec SiPh [91–93, 113]

IHP SiPh [104]

Sandia SiPh [94]

Tower Semiconductor SiPh [71]
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