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Resumen: Esta nota técnica de OPA da a conocer varias aplicaciones de los Circuitos Integrados Fotónicos 
(PICs, por sus siglas en inglés), además de presentar PICs4All, una Acción de Coordinación y Apoyo del 
programa EU H2020 ICT cuyo objetivo es aproximar los PICs a las empresas y centros de investigación, 
ayudándoles a conseguir acceso a instalaciones de fabricación avanzada para PICs. 
 
Abstract: This OPA technical note brings to light several applications of Photonic Integrated Circuits (PICs) 
technology, in addition to present PICs4All, a Coordination and Support Action from the EU H2020 ICT 
program whose purpose is to bring PICs closer to companies and research institutes by assisting them to 
get access to advanced fabrication facilities for such technology. 
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Photonic Integrated Circuits (PICs)  

Also known as optical chips, PICs can contain tens to hundreds of optical components. While electronic ICs 

consist of transistors, capacitors and resistors, a PIC consists of, for example, lasers, modulators, 
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photodetectors and filters, all integrated on a single substrate. These PICs are nowadays extensively used 

commercially, mainly in datacom and telecom. PIC technology has now become accessible to users without 

a cleanroom, through so-called multi-project wafer runs and open foundries. 

 

 

 

 

 

 

 

Fig. 1. Photonic Integrated Circuits (PICs). 

 

PICs4All helps you accessing the Photonic Integrated Circuits technology 

PICs4All (Photonic Integrated Circuits Accessible to Everyone) is a Coordination and Support Action from 

the EU H2020 ICT program whose purpose is to bring PICs technology closer to companies and research 

institutes by assisting them to get access to advanced fabrication facilities for PICs. 

PICs4All aims at low-cost development of ASPICs (Application Specific PICs) using a generic foundry model, 

and rapid prototyping via industrial Multi-Project Wafer runs. To this end, PICs4All brings together the PIC-

value chain of Europe’s key players in the field of photonic integration, including manufacturing and 

packaging partners, photonic CAD software partners, R&D labs and Photonic IC design houses.   

 

Fig. 2. Application Support Centers (ASC) devoted to the development of novel applications based on PICs. 

 

PICs4All has set up a European Network of experts in photonics constituted by nine Application Support 

Centers (ASC) distributed around Europe (among which we can find the Photonics Research Labs from UPV) 

http://www.sedoptica.es/


ÓPTICA PURA Y APLICADA 
www.sedoptica.es  

Opt. Pura Apl. 51 (2) SECPhO: 1-15 (2018)  © Sociedad Española de Óptica 

 
3 

whose main task is to stimulate the development of novel applications based on PICs for various application 

fields, enhance cooperation between universities, clusters, industry, and research centers, and the most 

important, to enable access to the PIC technology. 

Please contact the PICs4All consortium [2] to know more about the use of PIC technology. The PICs4All is 
funded under the Horizon 2020 framework and brings together expertise to support end-users with PIC 
technology. We help you connecting to the ecosystem of designers, foundries, packaging and test services. 

 

Application Note 1: PICs for Tunable Delay Lines 

A delay line is a device that allows to control signal propagation delays in a continuous way, ensuring a true-
time-delay operation on large operative bandwidths. 

Inducing a temporal delay on a signal is not an easy task. Unlike digital electronics, in which we can take 
advantage of shift registers for a discrete arbitrary delay, in analog electronics, microwave and photonics a 
continuously variable delay is difficult to achieve without moving parts. However, integrated photonic 
circuits offer a number of solutions to achieve true-time-delay in very compact, flexible and potentially low-
cost devices. 

A typical application of a delay line is shown in Figure 3, where an absolute delay on an optical signal or a 
relative delay between two signals for synchronization purposes is achieved. The delay Δt should be 
continuously controllable, induce negligible attenuation and have sufficient bandwidth to let the pulses go 
through undistorted. 

There are a large number of applications where delay lines play a key role: optical Beam Forming Networks 
for antenna arrays, imaging processing units, radio-on-fiber links and devices, interferometry, sensing units, 
etc. In the case of an electrical signal, it could be convenient to modulate the light generated by a laser with 
the RF signal, to delay it in the optical domain and to convert it back to an electrical signal by means of a 
photodiode. 

 

Fig. 3. Typical use of a delay line: synchronization of two signals. 

 
Using a proper technology (such as Indium Phosphide), the laser, the modulator and the photodiode can all 
be integrated on the same photonic integrated circuit (PIC), providing a very compact, electrically 
terminated, robust device. This is a classical expedient that goes under the generic name of microwave 
photonics. 

Figure 4 shows three examples of photonic delay lines integrated on chip. The coil in a) induces a fixed 
delay; it is the integrated version of the classical coils of optical fibers or coaxial cables used in many bulk 
applications. In combination with integrated 2x2 switches, this is the basic element to create delay lines 
providing a discrete number of fixed delays. It has a very small footprint, low losses, huge bandwidth and it 
does not require any external control. Fig. 2 b) shows a coupled Ring Resonators based delay line and c) 
shows a Mach-Zehnder based single stage delay line. Both solutions provide a continuously tunable delay 
and can be electrically controllable thanks to proper thermal controllers placed above the waveguides. 

http://www.sedoptica.es/
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Fig. 4. a) Fixed delay line; b) Coupled Ring Resonator based tunable delay line; c) Mach-Zehnder based single stage tunable delay line. 

 

Devices inducing a variable time delay up to few nanoseconds have been made and successfully tested. 
These devices require a suitable electronic and software to achieve the control and stabilization against 
thermal and other fluctuations and to be adaptive to the variations of the input signals. 

The ring-based delay line is a popular solution because of its very small footprint. Tunability is achieved by 
changing the resonant frequency, and the combination of several rings allows to shape the spectral region 
in which the delay is achieved. The bandwidth, on the other hand, is usually narrow and the achieved 
bandwidth-delay product is rather small. 

The Mach-Zehnder based delay line has a much larger bandwidth-delay product and induces a very small 
distortion on the delayed signals. Several stages can be cascaded to achieve a longer delay, still keeping a 
large bandwidth as shown in Figure 5 for a double stage device. Only one electrical control is required to 
change the coupling coefficient K of the directional couplers. Further, it being a 2x2 circuit allows to provide 
a differential delay between two input signals. 

The photonic integrated delay line is perfectly suitable for its combination with other functionalities, active 
devices as lasers, modulators and photodetectors and packaged in a single case with electrical or optical 
input and output. This solution without moving parts is perfectly suitable for applications where speed, 
number of delays, reliability and costs are key factors.   

For any of the solutions shown in Figure 4, the induced attenuation is proportional to the overall time delay, 
and hence the choice of the most suitable technology (Silicon Photonics, Indium Phosphide or Silicon 
Nitride) is of key importance. 

The Mach-Zehnder based delay line is patented by Politecnico di Milano and it is available for exclusive and 
non-exclusive licensing [3]. 
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Fig. 5. Characteristics of a two-stages Mach-Zehnder based tunable delay line. 

 

Application Note 2: PICs for Microwave Photonics Filters 

Microwave photonics (MWP) is a mature discipline that brings together the worlds of microwave (MMW), 
radiofrequency (RF) engineering and optoelectronics by the manipulation of RF/MW signals using photonic 
techniques and components. MWP allows the generation, distribution and processing of RF and MMW 
signals in the optical domain. 

MWP systems and links have relied almost exclusively on the assembly of discrete devices resulting into 
bulky, not cos-effective, power-consuming systems, with limited reconfiguration. Hence, MWP was initially 
suited for defense applications. During the past two decades, the performance improvement of components 
such as semiconductor lasers and photodetectors, electro-optic modulators and optical amplifiers has led 
to an exponential growth of optical networks and communication systems to address a considerable 
number of civil applications such as cellular, wireless and satellite communications, distributed antenna 
systems, sensing, radio astronomy, medical imaging, among many other. 

Despite the rapid evolution of cost-effective discrete optical devices and its cost reduction due to the huge 
demand for many applications in general, the assembly of MWP systems using discrete component 
aggregation is not suitable. In particular, for many emerging application scenarios such as 5G 
communications, smart cities, body area networks & wearable technologies and the internet of things, the 
requirements of Space, Weight and Power (SWaP) may not be met building systems by discrete aggregation.  

The incorporation of MW photonic components and subsystems in photonic integrated circuits (PIC), 
termed Integrated Microwave Photonics (IMWP) is instrumental to achieve the foreseen evolution 
objectives in different. One proposal to building general purpose IMWP processing engines is the 
reconfigurable IMWP processor [4], which can be implemented by using generic optoelectronic building 
blocks, currently offered by different photonics integration technology platforms. The building blocks 
include optical sources and detectors, electrooptic modulators, optical and electrical filters, optical couplers 
and RF switches. 

The interface of this IMWP processor has several optical and electrical signal input/out ports, and several 
electrical control pads devised to reconfigure the processor to result into one of several functionalities: 
transmitter, receiver, optoelectronic oscillator and microwave photonic filter. The latter is central for all the 
applications, hence in this application note the microwave reconfigurable optical filter, is addressed.  
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ÓPTICA PURA Y APLICADA 
www.sedoptica.es  

Opt. Pura Apl. 51 (2) SECPhO: 1-15 (2018)  © Sociedad Española de Óptica 

 
6 

 

Fig. 6. Reconfigurable IMWP processor. 

 

Optical filters are widely used in almost every photonic application. They are passive devices which linearly 
process an optical signal so as to set the amplitude and phase of the different spectral components. Different 
integrated optical filter devices exist, such as arrayed waveguide gratings, microcavities and optical lattice 
filters, among many other. They exploit well-known phenomena such as resonance, coherent interference, 
multimodal dispersion and spatial diffraction effects. The optical lattice filter architecture is reconfigurable, 
allowing to design different filter responses, as well as to tune several of each properties, such as central 
frequency, bandwidth and response roll-off and rejection, which is very interesting for many broad band 
applications, in for MWP in scenarios where multiple RF/MMW bands need to be addressed by single 
system/device.  

An integrated and reconfigurable optical lattice filter is a repetitive concatenation of integrated photonic 
structures, such as ring resonators and Mach-Zehnder Interferometers (MZIs) that are laid out via the 
interconnection of optical waveguides and couplers, including phase shifters (thermo-optic, electro-optic, 
current injection…) as well, that enable filter response tuning. These devices are known as Ring-Assisted 
MZIs (RAMZIs) filters. In Figure 7 a schematic representation of a RAMZI filter is shown. The response of 
the filter is determined by the values of the optical coupling constants between the rings (K) and the MZI 
arms, as well as the optical phase shifts in the rings (ɸ) and the MZI arms (β). 

 

Fig. 7. RAMZI filter architecture. 

 

The response of a RAMZI filter is periodic in frequency, since it borrows many similitudes with digital filters 
and digital signal processing (DSP) theory. Thus, the same mathematical tools (Z transform) can be 
employed to analyze and synthesize their response. In particular the RAMZI filter is an Infinite Impulse 
Response (IIR), which as per DSP theory are known to meet a given filter specification with smaller number 
of elements (filter order) than their Finite Impulse Response (FIR) counterparts. Therefore, they result in 
devices with comparatively less power consumption, control complexity and footprint requirements. In 
addition, canonical filter designs are possible such as the commonly DSP known Butterworth, Chebyshev 
type I and II, Elliptic approximations, among other. The RAMZI design flow can in fact depart from the very 
same tools using in DSP. The selection of the filter response type (low-pass, high-pass, band-pass, stop-
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band), the design method (IIR filter type Chebyshev, Butterworth…), the filter mask specifications (bands 
and attenuations) result into the digital filter order and the digital filter coefficients. These are next 
translated into the optical architecture parameters for the implementation as a RAMZI, namely the coupling 
constants, Ks, and phase shifts, ɸs, by means of a synthesis algorithm. 

 

Figure 8 shows an example of such a RAMZI photonic chip filter, working as the main functional block of a 
fully integrated receiver for frequency modulated MWP links. The chip was designed and fabricated in an 
InP platform. It consisted of three RAMZI filters working together to act as band splitters and frequency 
discriminator, and a high-speed balanced photodetector integrated on the same substrate. 

 

 

Fig. 8. Frequency discriminator receiver. 

 

An additional example on the use of RAMZI filters in IMWP processors is given in Figure 9. The InP chip 
contains two DFB lasers, one photodetector, one electrooptic modulator, a 4th order Chebyshev-II RAMZI 
filter with phase shifters, and control pads for controlling the overall chip. 

 

 

Fig. 9. First prototype of a reconfigurable MWP processor. 

 

Figure 10 shows a reconfigurable MWP filter with optical carrier reinjection containing a high-speed 
photodetector, a 4th order Chebyshev-II RAMZI filter, thermo-optic phase shifters with control pads to tune 
the filter frequency response. 
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Fig. 10. MWP RAMZI filter with optical carrier reinjection. 

Application Note 3: PICs for Gas Sensing 

Gas sensors and analyzers find applications in many fields, including (bio)chemical industry for safety and 
environmental monitoring, automotive for exhaust monitoring, agriculture for greenhouse gas and odor 
regulation, and general environmental sensing in urban areas for monitoring pollutants and warning people 
with respiratory diseases. Human health and safety and greenhouse emissions are the main rationales.  

Gas sensors are typically based on a variety of technologies, including electrochemical, semiconductor and 
photonics-based approaches. The technology of choice depends on gas species and the required sensitivity, 
but a general trend is that the more sensitive sensors are more expensive than the less sensitive ones. These 
cost levels can differ by as much as a factor of ten higher cost for a factor of ten increase in sensitivity, as 
shown below. At the same time, sensitive sensors tend to have larger footprints, with the parts-per-billion 
(ppb) sensitivity levels being rack-mountable, while parts-per-million (ppm) level sensors can be handheld 
or smaller. Other aspects to consider are specificity, i.e., how well can a single gas be detected in an 
environment with other gases, and the possibility for detecting multi-species detection. 

 

Fig. 11. Schematic overview of price vs. sensitivity performance for ammonia sensors. 

Government regulation and monitoring of environment and greenhouse gases, industrial safety standards, 
and urban area health hazard prevention are clear opportunities for the development and implementation 
of low-cost and ubiquitous gas sensors. New technologies, like the internet of things (IoT) are considered 
key enablers for such large-scale implementation of sensors and sensor networks. This application note 
discusses the potential use of photonic integration technology for such low-cost, small-footprint and 
potentially sensitive gas sensors. 

A frequently used technique for photonics-based gas sensing is tunable laser diode absorption spectroscopy 
(TDLAS), as shown below. With mature laser diode and detector technology, originally developed for fiber 
communications, sub-ppb sensitivities can be achieved [5]. Such telecom lasers work in the 1500 nm to 

http://www.sedoptica.es/
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1600 nm wavelength regime, where gases, such as NH3, N2O, CO2, CO, H2S, C2H2 and CH4 have absorption 
lines. 

Photonic integration (see inset) can combine all elements of a TDLAS gas sensor on a single photonic 
integrated circuit (PIC). Indium phosphide-based PICs can have integrated tunable lasers, operating in the 
1500 – 1600 nm regime [6] . Photodetectors, as well as connecting waveguides, can also be integrated on 
the PIC. These PICs are typically fiber-coupled and can interface with recently developed hollow-core fibers 
[7] and fiber-coupled gas cells [8] for a complete sensor. This would make a robust gas sensor.  

In the field of fiber sensors, the use of PICs has already been commercialized for increased sensitivity and 
lower weight and footprint [9]. The optical transceiver market shows that PICs can be integrated with driver 
and signal processing electronics in form factors with volumes below 20 cm3 and at cost levels of a few 
€100. This shows the opportunity and potential for PIC based gas sensors in terms of volume 
manufacturing, footprint and low cost. The ease of integration with electronics also offers the possibility for 
wireless communications and, hence, their use in the IoT. 

 

 

Fig. 12. Schematic of the TDLAS technique. A tunable laser diode (TLD) is coupled to a gas cell (or hollow-core fiber, or free-space 
propagation), where specific wavelengths are absorbed. The transmitted light is detected by a photodiode (PD). A reference PD, 

collecting the laser light directly, is used to create a balanced PD. 

The PIC and overall system need to be carefully designed for the target application. In the near-infrared 
telecom wavelength regime, overtone absorption lines are to be used, which have lower absorption than 
the lines found in the mid-infrared regime. Low-noise tunable lasers are required, which can be realized by 
using, e.g., extended cavity lasers on the PIC. 

The lack of absorption strength can be partially offset by the superior detectors available in PIC technology, 
with near-unity quantum efficiency and very low noise. Moreover, techniques well known in 
telecommunication, such as homodyne and heterodyne detection, can be considered and easily 
implemented on a PIC, for additional sensitivity. 

Packaging of the PIC with electronics and with fiber coupling, at low cost and large volume, is still a 
challenge. However, commercial solutions, e.g., as offered by Technobis IPPS and Linkra are becoming 
available. In any case, the fiber-coupled PIC solution, especially using hollow-core fiber, avoids issues with 
mechanical stability and pointing stability. 

 

Application Note 4: PICs for Datacenter Switching 

Optical switches find application in numerous diverse fields, including digital communications, fiber optic 
sensing, optical metrology, LIDAR systems, atom interferometers, laser interferometry, optopyro-
electronics and system redundancy when reliability is critical (e.g. satellite payloads). Each application field 
comes with different requirements and entails its own challenges. This application note focuses on the 
application of optical switches in digital communications, more specifically in optical datacenter networks 
(DCNs), which represent a promising field for their large-scale deployment. 

Optical switching is gaining traction as a path for gracefully scaling datacenter networks, due to its 
inherently broad bandwidth, energy efficiency and transparency to bitrate and protocol  [10]. A multitude 
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of switching schemes have been proposed leveraging the most prominent optical switching technologies, 
such as space-switching (e.g. using micro-electro-mechanical systems – MEMS or semiconductor optical 
amplifiers – SOAs), wavelength-switching (through combination of tunable lasers with arrayed-waveguide-
grating routers – AWGRs), or combination thereof (e.g. using wavelength-selective switches – WSSs). 
Currently there is no standardization or regulatory framework for optical DCNs since commercial use of the 
technology is still in its infancy, focusing mostly on pre-commercial demonstrators and pilot deployments 
of early products [11]. As a result, the network designer is free to innovate and develop a DCN architecture 
tailored to the needs of the particular system, using the switching approach of choice. 

 

 

Fig. 13. Schematic overview of speed vs. port count for typical optical switch technologies. 

 

One of the key challenges in optical DCNs is the combination of scalability with fast reconfigurability. At the 
optical switch device layer, this translates to a need for high port-count switches with fast reconfiguration 
time. This is arguably the main limitation of current technologies, which exhibit a tradeoff of speed vs. size: 
High port-count optical switches, like MEMS, typically offer millisecond reconfiguration times, whereas 
nanosecond-speed optical switches like PLZT (lead zirconate titanate) strive to exceed the dimensions of 
an 8×8 matrix, thus inhibiting network scalability. Innovative network design can partially mitigate these 
handicaps (e.g. by means of hybrid networks); however, to make optical switching in DCNs mainstream, 
network designers are urgently seeking a technology for low-cost, fast and scalable optical switches. 

At the device level, optical switches used in DCNs rely mainly on the following architectures:  

i. interferometric switches, usually in 1×2 or 2×2 configurations. Scaling of their dimensions can be 
achieved by cascading several stages of switches, e.g. in a Clos network topology;  

ii. on/off switches configured in broadcast-and-select topologies;  

iii. free-space optical switches.  

These device architectures can be used in conjunction with wavelength-selective components like AWGs, 
gratings or prisms to yield wavelength-selective switch (WSS) devices. Another scheme frequently used in 
optical DCNs is wavelength switching, combining fast tunable lasers with AWGs – in essence, the ensemble 
of tunable lasers and AWGs forms a distributed switch. Finally, resonant devices like ring resonators can be 
used as very energy-efficient switches, which can potentially fit in certain DCN architectures. 

Photonic integration (see inset) can be used to implement all the above types of optical switch devices, with 
the exception of free-space switches – although photonic integration can still benefit from technologies 
typically used in free-space switches (e.g. combination of silicon photonics with MEMS). With mature laser 
diode technology, tunable lasers capable of changing their wavelength within a few nanoseconds can be 
fabricated. Combination of tunable lasers with on-off switches can be achieved on the InP fabrication 
platform, enabling tight integration of the transceivers with the switch. Silicon photonics offer a low-cost 
technology for large scale interferometric, on/off or resonant switches. Very precise, compact and low-loss 
optical filters can be implemented in various platforms like silicon nitride or glass. These PICs are typically 
packaged and fiber-coupled for environmental stability and ease of operation. 

http://www.sedoptica.es/


ÓPTICA PURA Y APLICADA 
www.sedoptica.es  

Opt. Pura Apl. 51 (2) SECPhO: 1-15 (2018)  © Sociedad Española de Óptica 

 
11 

Packaging of the PIC with electronics and with fiber coupling, at low cost and large volume, though, is still a 
challenge. In this framework, commercial solutions, e.g., as offered by Technobis IPPS and Linkra/Cordon, 
have recently become available. 

 

 

Fig. 14. Optical switch device architectures: (a) interferometric switch; (b) on/off switches in a broadcast-and-select topology; (c) 
free-space switch; (d) resonant, ring-resonator switch. 

 

Application Note 5: PICs for Optical Gyroscope Systems 

Modern airplanes, drones, guided missiles and spacecrafts require highly accurate and reliable inertial 
navigation systems. One of the essential components of such systems is the gyroscope, a device that 
measures the angular velocity of a flying object.  Gyroscopes can be realized utilizing various techniques of 
rotation rate detection – mechanical, microelectromechanical or optical. Nowadays, the optical gyros are 
widely deployed due to their compact dimensions combined with an excellent performance in terms of 
excellent stability and low power consumption, which are essential parameters in aviation and space 
applications.   

An optical sensor of the angular velocity can be developed using two basic configurations, both employing 
the Sagnac effect. The first one is the interferometric fiber-optic gyroscope (IFOG), in which the rotation 
rate is detected by measurement of the interference signal of two waves counter-propagating through an 
optical fiber loop.  

On the other hand, ring laser gyroscopes (RLG) employ a laser operating in a ring resonator configuration. 
In such a laser, the oscillation frequencies for the clock-wise (CW) and counter-clockwise (CCW) directions 
are split under rotation. The difference between the two frequencies can be extracted from the recorded 
beating signal.  

Contemporary devices are typically constructed from discrete optoelectronic and fiber-optic components– 
lasers, light modulators, fiber couplers and photodiodes. In spite of many attempts to miniaturization and 
realizing an integrated device, so far there is no such a product available on the market. 

PICs are considered as one of the most attractive and promising solutions for modern optoelectronics, with 
the potential impact similar to integrated electronic revolution. Nowadays, they are extensively developed 
for commercial use, with a specific focus on telecom, datacom and sensing applications.  
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Fig. 15. Different types of PICs. 

 

It seems that exploring the potential of photonic integration technologies may enable further reduction of 
weight and energy consumption, while simultaneously maintaining high performance. In particular, the 
generic platform of indium phosphide enables fabrication of miniaturized and simultaneously highly 
complex optoelectronic systems, comprising both active and passive elements – light amplifiers, 
modulators, detectors, connected through a network of passive optical waveguides.  

Since 2013 the Institute of Microelectronics and Optoelectronics (IMiO) of Warsaw University of 
Technology has been developing application specific photonic integrated circuits (ASPICs) for 
implementation in new generation of optical gyroscope systems. The monolithic optical chips have been 
realized in indium phosphide based generic integration technologies.  

The first investigated approach is the interferometric fiber-optic gyroscope (IFOG) configuration, in which 
the rotation rate is measured by monitoring an interference signal using a dedicated ASPICbased 
interrogator. Figure 16 presents a microscope picture of the fabricated optical chip, which comprises a laser 
light source, 3 dB couplers, a phase modulator and PIN photodiodes. 

 

 

Fig. 16. Microscope photograph of the ASPIC interrogator for the interferometric fiber-optic gyroscope system. 

 

First characterization results are promising with respect to implementation of ASPIC-based interrogators 
in optical gyroscope systems. Figure 17 presents a characteristic of the interference signal occurring under 
rotation of an optical fiber coil, measured using the developed ASPIC. 
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Fig. 17. A characteristic of the interference signal in a rotating optical fiber coil, measured using an ASPIC-based interrogator. 

 

The second investigated approach is a fully integrated optical gyro, which can be realized by 
implementation of a single-frequency ring laser, together with a read-out circuit for beating signal detection. 
Figure 18 presents a photograph of such an integrated device. 

 

 

Fig. 18. Microscope photograph of the fully integrated optical gyroscope based on a single-frequency ring laser. 

 
Measurement results obtained so far have proven single frequency operation of the developed ring laser 
(see Figure 19). 

 

 
Fig. 19. Recorded spectrum of the single frequency integrated ring laser. 

 

Application Note 6: PICs for Fiber Bragg Grating Based Sensing 

Fiber Bragg Grating (FBG)-based sensors find applications in many fields requiring structural monitoring, 
to follow mechanical deformations or perform indirect measurement of pressure and temperature. These 
include the gas and oil industry for pipeline monitoring, civil infrastructure for e.g. building and dams 
monitoring, or the automotive and aerospace vehicles industries. 
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Electrical sensors have been widely used for such applications but had major drawbacks that were 
overcome with the use of FBG-based optical sensors: the use of an optical fiber with much lower 
transmission losses than electrical cables allows increasing the distance between sensor and monitoring 
unit while removing sensitivity to electromagnetic interferences. In addition, the use of multiple FBG 
optimized for separate wavelength ranges and placed at different positions on the same fiber allows 
multiplexing sensors spread across the monitored structure. Finally, the deployed sensors are passive and 
require no electronics to be installed in the monitored area. 

FBG-based sensor units are constituted of two parts, as shown in Figure 20: the passive sensors deployed 
as a single fiber or an optical network, and the active optical interrogation unit akin to a transceiver. The 
latter can easily be integrated into a photonic integrated circuit (PIC) to reduce costs, weight and footprint, 
and interrogation units using PICs are already commercially available [12]. A variety of designs of both the 
sensor network and the interrogation unit are possible, and simple ones will be discussed in the next two 
sections. 

 

 

Fig. 20. Schematic view of FBG-based sensing using reflections from the network. A broadband or tunable light source is injected into 
the FBG sensor network through a coupler. The light reflected from the network is then analyzed to measure the reflected spectrum 

of each FBG, having different characteristic wavelengths. 

A single fiber can be used as a distributed sensor passing through strategic areas of the structure to monitor, 
with FBGs “written” at different positions in the fiber. Each FBG is created using a holographic or phase 
mask process to permanently alter the refractive index of the fiber core in a periodic fashion. This refractive 
index variation in a small region of the fiber reflects light in a short window across a specific wavelength 
λFBG, as shown in Figure 21. Each FBG is designed with a different characteristic wavelength that acts as an 
identifier for the FBG. 

As the FBG is deformed under strain, the refractive index modulation is altered leading to a shift of λFBG. In 
order to monitor strain at the location of the FBG, light is sent into the fiber and the transmitted or reflected 
spectrum are measured. Changes in λFBG can then be recorded by tracking the dip or peak created by the 
FBG in the spectrum. 

When a single fiber is used as sensor, FBGs are generally evenly spaced in the fiber, their characteristic 
wavelength increasing proportionally with their distance from the start of the fiber. Measuring the 
wavelength shift around each λFBG thus allows monitoring strain over the fiber length. Such a simple sensor 
network however offers no resilience to breaks in the fiber, and other multi-fiber sensor network 
architectures with redundancy have been designed in order to handle multiple fiber breaks  [13]. 
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Fig. 21. Schematic view of an optical fiber with an FBG. The different sections of the fiber are not represented to scale. The two levels 
of blue denote different refractive indices of the fiber’s core. 

The interrogation unit is the only active part of the setup and is perfectly suited to photonic integration (see 
inset). Figure 22 presents a schematic view of a simple interrogation unit using a single tunable laser diode 
as light source. DFB and tunable lasers are available in the C band for Si- and InP-based PICs [6,14]. Couplers 
and photodetectors can also be easily integrated, allowing fabricating the light source, waveguides, coupler 
and photodetector on the same chip. 

 

 
 

Fig. 22. Example of a simple interrogation unit: the light from a tunable C-band source can be injected into the FBG network through 
an optical coupler. On the other branch of the coupler, a photodetector collects the light reflected by the FBG. An FPGA or computer-

controlled board is necessary to control the wavelength sweep of the tunable laser and collect and process measurements. 

 

No electronic components are integrated along the optical ones; hence the PIC requires external control, 
typically from an FPGA. The wavelength sweep is controlled externally to the PIC, and the power 
measurement for each wavelength scanned needs to be stored. In order to obtain measurements that are 
not limited by the wavelength step of the tunable source, fitting of the data should also be performed on the 
FPGA to recover the peak wavelength of the spectrum reflected by each FBG [15]. 

Each specific application requires careful design of the sensor network as well as of the interrogation unit, 
to satisfy requirement on both accuracy and speed of the measurements. Additional optical components 
such as semiconductor optical amplifiers, ring resonators or interferometers can also be included on the 
PIC in order to accommodate the designs of modern interrogators [16]. 
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