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Summary 

Integrated stabilized laser systems for high-resolution strain sensing 

This thesis contains the research towards the realization and the demonstration of a 
high-resolution fibre-based sensing system for simultaneous strain and temperature 
sensing. The sensing system utilizes stabilized InP based integrated lasers in combination 
with polarization maintaining π-shifted fibre Bragg gratings (FBG) and a heterodyne-based 
read-out system. Towards the realization and demonstration of this system, the possibilities 
for applying the InP active-passive photonic integration technology used for the laser 
fabrication are also investigated. 

The research is focused on the following aspects: the design integrated lasers and their 
linewidth as well as their frequency stabilization to an optical resonator using the Pound-
Drever-Hall (PDH) frequency locking technique; integration of the phase modulator with the 
lasers used in the PDH locking; the sensing system based on two frequency locked lasers, 
one locked to an optical reference cavity and another to a π-shifted fibre Bragg grating 
resonator which acts as the sensor and the discrimination of strain and temperature. 

In the first part of the research, the intrinsic linewidth of InP integrated lasers and the 
spectral output are investigated. Laser linewidth and frequency noise are important 
because they are directly linked to the sensing system resolution. Lower intrinsic linewidth 
relaxes the specifications on the locking system. Distributed Bragg reflector (DBR) lasers 
with an intra-cavity ring resonator are investigated. Lasers with an intrinsic linewidth at 
60 kHz are demonstrated and the results are in agreement with linewidth theory on 
extended cavity lasers. It is shown theoretically that in order to improve their linewidth by 
an order of magnitude or more using intra-cavity ring resonators, directional couplers 
should be used in order to adjust the power coupling coefficient to the ring and avoid excess 
loss of multimode interference (MMI) couplers. 

In the next part the PDH locking of diode lasers using electro-optic effects as tuning 
mechanism and its limits are investigated. The negative electrical feedback in the locking 
scheme is typically applied to the semiconductor optical amplifier in the laser, and/or 
current injected phase sections. Since both thermo-optic and carrier effects play a role and 
these affect the tuning in opposite ways at different time scales, two control loops are 
typically required. In this thesis it is shown that electro-optic effects that do not cause 
significant thermal effects can be used for the locking. The feedback signal is applied to 
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reversed bias phase/DBR sections of lasers using of a single feedback loop. A 5 kHz linewidth 
of stabilized integrated lasers is demonstrated. 

The following chapter is focused on the free-running and stabilized operation of an 
electro-optically ring-tuned ring laser. The laser single mode operation relies on the Vernier 
effect of two ring resonators. The laser achieves a tuning range of 34 nm with a typical 
linewidth of about 100 kHz over the tuning range. It is furthermore shown that on average 
the dissipated tuning power is about 1.4 mW per ring, which is at least an order of 
magnitude lower than thermally tuned lasers. The frequency stabilized operation of the 
laser yields 1 kHz linewidth. 

PDH locking is a technique based on phase modulation of the output of the locked laser. 
In this part of the research, it is investigated if further integration of the PDH system, and 
more specifically of the phase modulator, is possible and with what consequences. The most 
common choice for the phase modulator in PDH systems is a bulk lithium niobate 
modulator. Here the use of an integrated electro-refractive phase modulator (ERM) is 
analysed. Such an ERM has however a higher residual amplitude modulation (RAM) which 
affects the locking quality. A theoretical model to quantify the effect of the RAM in ERMs 
was developed and compared with measurements of their voltage dependent optical 
losses. It is shown that using an ERM for the phase modulation frequency, offsets not higher 
than 10-3 of the FWHM of the resonance can occur. Optimum operation points have been 
determined. However, reducing the electrical cross-talk between the ERM and the laser is 
necessary and modifications to the technology to achieve this are suggested. 

The sensing system for discrimination of strain and temperature based on polarization 
diversity and a polarization maintaining π-shifted FBG is demonstrated. For the system two 
frequency stabilized integrated InP DBR diode lasers with intra-cavity ring filters are used. 
One laser is locked to a stable reference cavity and the other to one the two resonances 
(polarisations) of the PM π-shifted FBG. The resonance frequency of the FBG is then derived 
from mixing the output of the two lasers on a frequency counter. Using the two laser system 
and measuring the two polarizations in sequence, we show a strain resolution of 14.3 nε 
and temperature resolution of 1.3 mK which are the best resolutions demonstrated for 
discrimination of strain and temperature sensing to the author’s knowledge. The most 
accurate results are obtained using a read-out speed of 2 Hz. This limit is due to mechanical 
disturbances and the averaging required to reduce the effect of the noise. However, it is 
demonstrated that read-out speeds at the kHz (or even MHz) range are possible with a 
slightly reduced accuracy. 
In the last chapter an investigation of the microwave signal generation using frequency 
stabilized lasers is presented. Two lasers are locked to two resonances of an external optical 
cavity and mixed on a photodetector to produce a microwave signal. We demonstrate the 
beat-note generation at 12, 24 and 42 GHz with a typical beat-note linewidth of less than 
40 kHz and SSB phase noise below -50 dBc/Hz. The SSB phase noise performance is not as 
good as state-of-the-art microwave oscillators but further improvement is possible by 
decreasing the intrinsic linewidth of the lasers and increasing the gain and bandwidth of the 
control loop. Furthermore this method poses advantages as far as the tuning rage is 
concerned. The approach of using two lasers locked on the same cavity could be also useful 
for the extension of the sensing system with two reference lasers, instead of one. Each 
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reference laser can be locked close (e.g. <6 GHz) away from each sensing laser to waive the 
necessity of a very high bandwidth frequency counter. 
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CHAPTER 1 

Introduction and Theoretical Background 

Light Amplification by Stimulated Emission of Radiation (laser) was invented only 

slightly more than half a century ago. Gordon Gould laid the theoretical foundation of the 
laser and named it in his unpublished notes titled “Some rough calculations on the feasibility 
of a LASER: Light Amplification by Stimulated Emission of Radiation” in 1957 [1].  C. H. 
Townes and A. L. Schawlow, who are today widely considered to be the laser’s inventors, 
published the first theoretical paper on a laser (or infrared/optical maser as they called it at 
the time) one year later in 1958 [2]. Theodore H. Maiman, who was working for Hughes 
Aircraft Company at the time, successfully demonstrated the first laser (ruby) two years 
later in 1960 [3]. The idea of using ruby, a chromium-doped aluminium oxide, as gain 
medium has been largely credited to A. Prokhorov who jointly with C. H. Townes and N. 
Basov were awarded the Nobel Prize in 1964 for pioneering work on lasers and quantum 
electronics. Since this first laser demonstration, a broad range of continuous wave and 
pulsed lasers in different media (solid state, liquid and gas) have been demonstrated. 

Despite its only 60 years of existence, nowadays lasers are omnipresent and enable 
numerous fields of industry and science. Lasers are used for transmission of data in optical 
networks enabling the internet growth [4], in reading and writing hard disks and compact 
disks (CD) [5], for the accurate time-keeping in systems such as GPS [6], measurement of 
fundamental constants [7], detection of gases in the atmosphere [8], structural health 
monitoring of constructions [9], machining of metals [10] and many more. Probably the 
impact and significance of lasers in our everyday lives cannot be highlighted enough even 
by the number of Nobel prizes associated with them. In 2019 the Physics Nobel prize was 
awarded to Arthur Ashkin for the development of optical tweezers [11] and to Gérard 
Mourou and Donna Strickland for the invention of the chirped-pulse amplification 
technique for producing high-energy ultrashort laser pulses [12]. Including this Nobel Prize, 
a dozen Nobel Prizes are related to lasers from its invention to the detection of gravitational 
waves [13] and from laser-based spectroscopy [14] to optical clocks [15]. 
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This thesis is focused on lasers and their use in high-resolution fibre-based strain 
sensing. More specifically we focus on a single class of lasers, semiconductor continuous 
wave single mode lasers. These lasers are fabricated using semiconductor material from 
groups III and V and lase at 1550 nm. We emphasize their frequency stability which is critical 
for the resolution and accuracy of sensing systems and which we improve by an active 
frequency stabilization technique. Finally the sensing system using actively stabilized lasers 
is demonstrated which can furthermore discriminate strain and temperature effects. 

In this first chapter we will review the motivation, core concepts used in this thesis and 
their basic principles. These are: 

1) The principles of fibre Bragg gratings used as sensing elements in optical sensors. 
2) The concept of using frequency stabilized diode lasers for fibre-based sensing. 
3) A basic description of the Pound-Drever-Hall (PDH) frequency locking technique. 
4) Semiconductor lasers. 
5) Laser linewidth and frequency noise power spectral density. 
6) Photonic integration in general and the InP active-passive integration technology 

used for the fabrication of all devices in this thesis. 

1.1 Fibre Bragg Gratings as transducers for sensing applications 

The first section of this chapter section introduces the fibre Bragg gratings and their 
principles for fibre-based sensing. It also aims to give a brief motivation of the importance 
of strain and temperature discrimination for sensing systems with a resolution of some 
nano-strain. 

Optical sensors for structural health monitoring is one of the applications of lasers and 
photonic integration which aims in the monitoring of the deformations of a structure [16]. 
Monitoring such deformations can be important for safety reasons because partial or 
complete failures could be anticipated. Some examples are the wings of airplanes, the 
propellers of helicopters, bridges, tunnels and railways. In other cases, optical sensors do 
not aim to monitor deformations for safety reasons but because these deformations may 
degrade a process which needs very high precision. By monitoring the deformations in real-
time, the process can be properly modified such that their effect is cancelled therefore re-
optimizing the process. 

Depending on the application different quantities could be relevant for monitoring such 
as strain, displacement, temperature, pressure and acceleration [17, 18]. Measuring these 
physical quantities requires a transducer that converts them to another easily measurable 
quantity such as frequency or wavelength variations. Fibre Bragg gratings (FBG) have been 
very popular transducers because they are light, cheap, immune to electromagnetic 
interference, very compact, flexible, versatile and scalable since a lot of them can be placed 
on a single fibre. 

A uniform FBG is a periodic modulation of the effective index of an optical fibre as shown 
in the schematic of Fig. 1(a). This periodic structure results in a window of low transmission 
in the wavelength domain for the resonant wavelengths (Fig. 1(c), blue trace). For uniform 
first order FBGs, the resonance condition, also known as Bragg condition, is [19] 
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𝜆𝐵 = 2𝑛𝑒𝑓𝑓𝛬          (1) 

where 𝑛𝑒𝑓𝑓 = (𝑛𝑒𝑓𝑓1 + 𝑛𝑒𝑓𝑓2)/2 is the average propagating mode effective refractive 

index and 𝛬 is the length of single period. The width of the stopband and the reflection 
amplitude are both determined by the index modulation strength, i.e. 𝑛𝑒𝑓𝑓1 − 𝑛𝑒𝑓𝑓2 and 

the length of the FBG, i.e. the number of periods N. In general the effective index difference 
can strongly vary from 10-5 up to 10-2 [19]. Typically the stopband window width of FBGs 
may vary from some GHz to several tens of GHz. 

A special type of FBG is the π-shifted FBG. This is a similar to a uniform FBG but with a 
discontinuity in the middle corresponding to π phase shift for the resonant wavelength 
(Fig. 1(b)). The π phase shift creates a narrow peak in the stopband of the FBG as shown in 
Fig. 1(c) (red trace). The structure is a high finesse etalon formed by two high reflective 
narrow band mirrors. The full-width at half-maximum (FWHM) of this notch can be as 
narrow as some tens of MHz which is much narrower than the FWHM of ordinary FBGs, 
typically by two orders of magnitude or more. 

The change of the resonant condition with temperature 𝛵 and strain 휀, the two 
quantities we will focus on, can be  described in first order approximation by [42] 

𝛥𝜆𝐵(𝑇, 휀) = 2 (𝛬
𝜕𝑛𝑒𝑓𝑓(𝑇, )

𝜕𝛵
+ 𝑛𝑒𝑓𝑓

𝜕𝛬(𝑇, )

𝜕𝛵
) 𝛥𝛵 + 2 (𝛬

𝜕𝑛𝑒𝑓𝑓(𝑇, )

𝜕
+ 𝑛𝑒𝑓𝑓

𝜕𝛬(𝑇, )

𝜕
) 𝛥휀     (2) 

In Chapter 6 we will further discuss if this first order approximation is sufficiently accurate 
for the strain resolution we are aiming. Both 𝑛𝑒𝑓𝑓 and 𝛬 are functions of temperature and 

strain. Temperature variations cause shifts due to changes of 𝑛𝑒𝑓𝑓 through thermo-optic 

effect and changes of the physical length of the period 𝛬 because of thermal expansion. The 
net effect is a change in the optical path length which changes the resonant wavelength. In 
standard single-mode fibres (SSMF) the thermo-optic effect (change of refractive index with 
temperature) is typically ten times stronger compared to the FBG physical thermal 
expansion effect. The resonant wavelength changes also due to strain represented by the 
second term in (2). The definition of strain is the ratio of the amount of elongation over the 

(a) 

(b) 

(c) 

Figure 1. (a) Periodic index modulation of a uniform FBG, (b) Periodic index modulation with a π-
phase discontinuity in the middle of π-shifted FBG, (c) transmission spectrum of a simple and π-
shifted FBG. 
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length due to strain over the length in which this elongation happens, e.g. 1 micro-strain 
(με) is an elongation of 1 μm over 1 m. While in general strain can be longitudinal (axial) or 
lateral, here and in the rest of this thesis we will only consider the former. The resonance 
condition of a FBG changes due to strain because of two physical mechanisms; the physical 
elongation of the period 𝛬 and the strain-optic (or elasto-optic) effect, i.e. the change of 
refractive index due to the applied strain. For the sake of completeness, we shall also 
mention that the axial strain additionally causes a lateral strain therefore modifying the 
Poisson ratio (ratio of lateral and axial strain) of the FBG. Similarly to temperature changes, 
one of the effects is dominant and for the axial strain this is the physical elongation of the 
FBG. Typical temperature and strain sensitivities of FBGs in SSMFs are 1.2 GHz/K and 
120 MHz/με [20]. 

The intrinsic feature of FBGs dictating that the resonant wavelength can change with the 
fluctuations of different quantities can be interpreted as versatility because a single 
component can detect different effects. However, it also creates the problem of separation 
of two quantities such as temperature and strain. This problem is especially pronounced for 
applications where the desired strain resolution is in the order of nε or below. In SSMF 1 nε 
corresponds to a frequency shift of roughly 120 kHz. If temperature variations of a couple 
of mK occur while strain is being measured, the FBG frequency shifts (1.2 MHz for 1 mK) are 
entirely dominated by temperature, making it impossible to measure strain with nε 
resolution. 

Various solutions for solving this issue have been proposed. The simplest is the addition 
of a strain-isolated FBG physically close to the strain-sensing FBG [21]. This solution however 
does not ensure that the temperature of the two fibres is the same if mK fluctuations are 
relevant. Also the opposite, a fibre with stable temperature measuring only strain, is not 
always possible. More sophisticated solutions have been proposed as well. The core of them 
all, is that two gratings undergo the same changes but their sensitivities are different. This 
can be realized by splicing FBGs written on different types of fibres (for example SSMF and 
micro-structured fibres or fibres with different core diameter) [22]. In fact the two gratings 
do not have to be physically different gratings but wavelength or polarization diversity can 
be used to ensure different sensitivities. For example this can be implemented by using the 
same FBG as first and second order grating by injecting light at different wavelengths [23] 
or by using the two polarization states (fast and slow axis) of a polarization maintaining fibre 
(PMF) [24]. In the latter example due to the birefringence of the fibre two resonances are 
present, one for each axis. The birefringence, hence the sensitivities, is dependent on both 
temperature and strain. Mathematically these methods can be simply thought of as a 
problem of two unknowns (strain and temperature) in a linear system of two equations 
(frequency shifts and sensitivities). The separation of temperature and strain is not an easy 
task because it typically constitutes a mathematically stiff problem in which small 
measurement errors result in large calculation errors. A more detailed description of this 
problem will be given in Chapter 6. 

1.2 Fibre-based sensing using stabilized diode lasers 
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This section of the introductory chapter introduces to the reader the concept of a fibre-
based sensing system which deploys frequency stabilized lasers and a heterodyne-based 
read-out system. We will leave the detailed description of the frequency stabilization for 
the next section in order to focus on the principles of the sensing system. The concept is 
also extended to cover the discrimination of strain and temperature. 

One of the ways to determine the resonant wavelength of any FBG is by shining a 
wideband light source on it and observing the reflection or transmission spectrum. A 
spectral filter can “slice” the reflected light in order to determine at which wavelength the 
reflected or transmitted optical signal is maximum. Equivalently a tuneable scanning laser 
could interrogate the FBG instead of a wideband source. The 3 dB bandwidth of a uniform 
FBG is in the order of at least several GHz as aforementioned. If we assume that the 
reflection maximum can be determined hundred or even a thousand times more accurately 
than the 3 dB bandwidth, resolutions of 1-10 mK and 10-100 nε with SSMF can be deduced. 
In this thesis we explore the use of π-shifted FBGs in PMF as both transducers for sensing 
temperature and strain but also as optical cavities on which we lock diode lasers by using a 
frequency stabilization technique. Locking or stabilizing a laser to the resonance of an 
optical cavity means that the laser is frequency tuned by means of a feedback system such 
that the laser follows this resonance. The frequency tuning in the systems discussed in this 
thesis is by electrical feedback to the laser as shown in Fig. 2. 

A π-shifted FBG resonance can be used as an optical cavity for the frequency stabilization 
of a laser. This is shown in the bottom dashed rectangle of the schematic in Fig. 2. The laser 
is locked onto the resonance by using electrical feedback applied from locking electronics. 
In this case any optical path length changes in the FBG will result in wavelength shifts of the 
laser output. If the fibre sensitivity to strain for example is known, any wavelength shift can 
be converted to strain variations on the π-shifted FBG. Ideally the read-outs of such a system 

Figure 2. Sensing system using stabilized integrated lasers. The first laser locked to the 
reference cavity acts as a reference and the second is following the optical path length changes 
of the FBG which acts as a transducer. 
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would be in the electrical domain for reasons of both frequency measurement accuracy and 
sampling rate. Down-conversion from the optical to the electrical domain is therefore 
desirable. Such a system is depicted in Fig. 2 where the outputs of two stabilized lasers are 
mixed on a photo-detector. The reference laser is locked on a stable cavity which does not 
experience significant frequency drifts over time. Therefore the laser output does not drift 
over time either. As a result the beat frequency at the output of the read-out system should 
only reflect optical path length changes in the FBG. 

The resolution of this system is closely related to the linewidth of the stabilized lasers 
which determines the amplitude of the frequency fluctuations observed by mixing two 
lasers. The frequency fluctuations are proportional to their linewidths and they determine 
which the minimum observable frequency shift is. If we assume however that the frequency 
fluctuations are purely due to the white frequency noise of the lasers because the technical 
noise is suppressed, one could average them out to increase the system resolution. Such 
implementation however implies a trade-off between resolution and read-out speed. This 
trade-off will be addressed in Chapter 6 of this thesis. 

The sensing system in Fig. 2 can be further extended to allow the discrimination of strain 
and temperature variations. This system is presented in Fig. 3 where polarization diversity 
is deployed. The reference laser system remains the same as in the system of Fig. 2. In this 
case however there is an additional laser. The two sensing lasers are aligned to the fast and 
slow axis resonances of the PMF and locked to one at each resonance. Based on the varying 
temperature- and strain-dependent birefringence of the fibre, as mentioned in section 1.1, 
the two effects can be separated. This can be achieved by monitoring the two beating 
frequencies of the two resonances with the stable reference laser. In practice the realization 
of such a scheme needs a frequency counter with bandwidth at least 22 GHz because the 
fast- and slow-axis resonances separation is about 44 GHz. This might be impractical (and 
very expensive) but solutions to this could be the down-conversion to an intermediate 
frequency using a local oscillator and a mixer. A frequency counter with a lower bandwidth 

Figure 3. This sensing system operates on the same principle as the simpler one in Fig. 2 but with 
the polarization diversity scheme the separation of strain and temperature is possible. 
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but including the intermediate frequency would still suffice in this case. Another solution is 
the use of a second reference laser in order for both frequencies to be at sufficiently low 
frequencies. More information, analysis and measurements on this will follow in Chapter 6. 

1.3 Pound-Drever-Hall frequency locking technique 

In this section we introduce the frequency stabilization technique used for stabilizing 
lasers to external optical cavities as described above. This is the most widely used and 
powerful technique for laser frequency stabilization. It is also used for the realization of a 
high-resolution strain sensing system presented in this thesis. 

The Pound-Drever-Hall (PDH) frequency locking [25] is a technique which deploys active 
electronic feedback for the improvement of the laser frequency noise. This is many times 
necessary in case the drift (long-term stability) and/or linewidth (short-term stability) of a 
free-running laser is not sufficient for an application. The PDH technique has been applied 
to different types of lasers (e.g. fibre [26], dye lasers [27]) including diode lasers [28]. Here 
a general description including the basic principles of this technique will be given. More 
information on PDH itself can be found in Chapters 3, 4, and 5 and on its use in two different 
systems in Chapters 6 and 7. 

In Fig. 4 a simple schematic of the PDH is presented. The laser output at optical 
frequency 𝑓0 is firstly phase modulated with modulation frequency 𝑓𝑚 using an external, i.e. 
not in the laser cavity, phase modulator. The generated sidebands at frequencies 𝑓0 ± 𝑓𝑚 
of the phase modulated carrier have opposite phase as illustrated in Fig. 7(a). The 
modulated light is then led to the reference cavity. The reflection spectrum of the cavity is 
illustrated in Fig. 5(a) with the dashed line. This reference cavity is usually a Fabry-Perot 
interferometer or a π-shifted fibre Bragg grating as discussed earlier in this chapter. A part 
of the light passes though the resonator and the rest is reflected, depending on the relative 
position of the lasing frequency and the relevant cavity resonance. The reflected signal is 
then fed to a photodetector. The output of the photodetector is then down-converted to 
DC by a mixer and the local oscillator. The down-converted signal at the output of the mixer 
is called the error signal. A typical error signal is illustrated in Fig. 5(b) as a function of the 
offset frequency around the reference cavity resonance. The error signal is fed to a 
proportional-integral-differential (PID) controller which applies a negative electrical 

Figure 4. Schematic of the Pound-Drever-Hall frequency locking technique. 
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feedback on the laser frequency control. The feedback can be applied on the semiconductor 
optical amplifier (SOA), a phase modulator, a temperature control unit or any other element 
that affects the lasing frequency of the laser. More information of this can be found in 
Chapter 3.  

If the lasing mode (carrier) is perfectly aligned to a cavity resonance as depicted in 
Fig. 5(a), it will experience no reflections. Furthermore if the condition 𝑓𝑚 ≫ 𝛥𝜈𝐹𝑊𝐻𝑀  holds, 
where 𝛥𝜈𝐹𝑊𝐻𝑀 is the FWHM of the cavity, the two sidebands will be well outside the 
transmission of the resonance. Therefore they will be almost entirely reflected. However 
because the sidebands are equal in power and perfectly out of phase, destructive 
interference occurs. Therefore the signal at the output of the photodetector (PD) is zero 
when the laser frequency is at the centre of the resonance. These conditions correspond to 
the zero offset frequency in Fig. 5(b) where the error signal is also zero. When the laser 
starts drifting, the side-bands do not entirely cancel each other because they are not 
symmetric around the etalon resonance, i.e. they are not exactly out of phase and their 
amplitude is not equal. Therefore a signal is generated at the output of the PD. As presented 
in Fig. 5(b) by the two shaded areas, depending on the direction of the drift, i.e. the 
frequency offset sign, the sign of the error signal differs. The error signal which is the input 
to the PID is a measure of the detuning between the laser frequency and the desired locking 
frequency. The PID minimizes this detuning through integration of its input. The time 
response however needs to be reasonably fast as well. This response is taken care of by the 
proportional and differentiating parts of the PID. Finally the settings of the PID controller 
should be such that the laser output frequency is corrected as quickly as possible without 
any overshoot within the delay time of the PDH system. 

The acquisition range of PDH locking is essentially the modulation frequency. This can 
be understood by inspecting the error signal in Fig. 5(b) because between the range from 
zero to 𝑓𝑚 frequency offset, the sign of the error signal is the same thus the PID controller 
can correct for any disturbances. This is in contrast with modulation lock schemes such as 

Figure 5. (a) Schematic of the phase modulated carrier with the sidebands of opposite phase and 
the cavity reflection spectrum and (b) the resulting error signal which has different sign depending 
on the offset frequency sign. 

(a) (b) 

𝑓𝑚 
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top-of-the-fringe locking where the acquisition range is in practice limited to approximately 
two times the FWHM of the resonance. 

Assuming the bandwidth of the electronics of a PDH system is not limiting, the time-
delay in the optical fibres, free-space path and electrical components in the control loop 
will result in a finite control bandwidth. If this delay is sufficiently short the feedback is not 
only able to suppress the long-term drifts of the laser (frequency noise at low frequencies) 
but also further suppress the frequency noise over the control bandwidth below the 
intrinsic frequency noise level of the laser. The limit down to which the laser frequency noise 
can be reduced depends on the signal-to-noise ratio (SNR) at the PD [29]. This is because 
any noise in the PD is indistinguishable from the error signal. Theoretically this limit is 
imposed by the shot-noise of the photo-detector. The signal part of the SNR is 
proportionally dependent on the slope of the error signal as a function of laser frequency 
around the zero offset. Around this point the error signal can be approximated by [29] 

𝜖 = 𝐷 𝛿𝑓     (7) 

where 𝛿𝑓 is the frequency offset and 𝐷 a proportionality constant defined as [29] 

𝐷 = −
8√𝑃𝑐𝑃𝑠

𝛿𝑣
     (8) 

where 𝑃𝑐  and 𝑃𝑠 is the power in the carrier and the sidebands and 𝛿𝑣 is the cavity FWHM. 
From (8) the error signal slope, which is a measure of the error signal sensitivity to frequency 
fluctuations of the laser, increases for narrower reference cavity FWHM. Furthermore, from 

(8) it follows that the quantity √𝑃𝑐𝑃𝑠 should be maximized. It can be shown that to achieve 

this, an optimum phase modulation depth exists which is 1.08. 

1.4 Semiconductor lasers 

In this section a simple description of the governing principles of semiconductor 
lasers will follow. A lot of these principles do not only apply for semiconductor lasers but 
for any other type of laser as well. Semiconductor lasers are probably the most wide-spread 
class of lasers due to their higher efficiency compared to other types such as gas, dye or 
other solid-state lasers, their compactness and the ability to generate light in a very wide 
wavelength range. 

As Max Planck first proposed in 1900 and later Albert Einstein postulated in a 1905 
paper [30], light is a collection of energy quanta, more commonly called photons. In 
semiconductor materials, a photon can be generated when an electron transits from a high 
energy state in the conduction band to a lower energy state in the valence band. The energy 
of the generated photon is the energy being released during this transition. This process is 
illustrated in Fig. 6(a) and it is called spontaneous emission because the transition happens 
spontaneously without any external stimuli. The inverse process of spontaneous emission 
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may also happen and it is called absorption. During the absorption process, a photon can 
excite an electron from a low energy state to a high energy state (Fig. 6(b)) [31]. 

As its acronym reveals, laser relies not on spontaneous but on stimulated emission. 
During the stimulated emission process a photon causes an excited electron (residing in the 
conduction band) to transit to the valence band. As in the spontaneous emission process, a 
photon is generated from this decay process as depicted in Fig. 1(c). In this case however, 
the generated photon is indistinguishable from the first photon; that is to say the two 
photons are correlated. 

In its simplest form, a laser consists of an optical gain medium enclosed in a 
resonator formed by two mirrors [31] as depicted in Fig. 1(d). The gain medium is the 
material in which photon generation and amplification occurs. In semiconductor lasers the 
gain medium is called the semiconductor optical amplifier (SOA). The second ingredient of 
the laser, the mirrors, reflect the photons and force them to pass multiple times through 
the SOA thereby providing positive feedback. Through this process the light in the gain 
medium undergoes amplification through the stimulated emission process described in the 
previous paragraph. Light is partly coupled out of the laser cavity from a partially reflective 
mirror (grey mirror in Fig. 1(d)). Furthermore, the two mirrors do not serve only the 
reflection of photons for amplification. They also apply some boundary conditions which 
act as a frequency selective element, a filter. Only longitudinal modes at specific 
frequencies/wavelengths, i.e. frequencies of the light at which half the wavelength can fit 
an integer times between the mirrors, undergo constructive interference. Therefore these 
frequencies have the lowest loss in the cavity and consequently undergo the largest 
amplification. 

Figure 6. (a), (b) and (c) represent the three basic interaction mechanisms between electrons 
and photons and (d) is a schematic of the simplest laser cavity which includes the gain 
medium and two mirrors.  
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In a semiconductor which is in thermal equilibrium state, most electrons are located 
in the valence band. Photons passing through the SOA will therefore be absorbed, i.e. the 
dominant process is absorption. In order for light to be amplified, the gain due to stimulated 
emission process needs to overcome absorption. To achieve this, a certain density of 
electron-hole pairs in the SOA that can contribute to optical gain must be reached. This can 
be achieved by injecting excess electrons and holes into the gain material or by optical 
excitation of electron-hole pairs, which is called electrical (current) or optical pumping. In 
most semiconductor lasers, electrical pumping is used.  

As the pumping current increases, the electron-hole pair density increases as well. 
Under these conditions an increasing number of photons is generated because more 
electron-hole pairs are available to contribute to stimulated emission and less electrons to 
absorb photons. The carrier density of the pump current at which the gain medium stops 
absorbing is called the transparency carrier density. Increase of the pumping beyond this 
point results in net optical gain [32].  

If however the losses in the cavity are still larger than the gain, the emitted light is 
mostly due to amplified spontaneous emission process. The transition of a laser from 
spontaneous emission to stimulated emission happens only when enough current is 
supplied to ensure that the electrons-hole pair density provides enough gain is to match the 
cavity losses. This transition is called the laser threshold and it is in most cases an abrupt1 
transition in the light-current characteristic. Beyond this point the gain and the carrier 
concentration are clamped. Furthermore, no more electrons are “wasted” on optical gain 
needed for overcoming cavity losses therefore the output power of a laser increases 
dramatically with increasing injection current compared to below threshold operation. 
Above threshold, the temporal coherence of the laser output also increases rapidly [32]. 
The increase in temporal coherence is a result of the generation of “identical” photons 
inside the cavity due to stimulated emission dominating over spontaneous emission. Finally, 
the gain profile of the gain medium is non-flat which adds further frequency selectivity.  This 
results in one or some single longitudinal modes of the cavity dominating over the other 
cavity modes. 

In the previous paragraph, a statement regarding the exact balance of gain and losses 
in the cavity was made. This is not an entirely accurate statement however. The gain due to 
stimulated emission in the cavity is never equal to the losses but just slightly lower. This is 
because of the spontaneous emission coupled into the lasing mode which is a small but 
nevertheless noticeable fraction of the total amount of the light in the cavity in the above 
threshold operation. The coupling of spontaneous emission, a fundamentally random 
process [33], into the lasing mode has direct implications on the spectral purity of a laser 
output even if in the above threshold its coherence dramatically increases. After all, the 
temporal (and spatial) coherence resulting from the single-mode operation is the most 
distinguishable feature of a laser in comparison to other light sources from light emitting 
diodes to simple light bulbs. Due to the spontaneous emission, the width of the lasing mode, 

                                                           
1 In lasers with very small active volume in which the coupling of the spontaneous emission in the lasing mode is 

very high, this transition is not so abrupt and the concept of threshold is more ambiguous. 
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linewidth, is finite. Photons that are spontaneously emitted have a different phase than 
those generated by stimulated emission. Therefore they disturb the phase and frequency 
of the circulating electric field. These disturbances cause a finite linewidth which is 
significant for a range of applications. 

1.5 Laser linewidth and frequency noise 

In this section we establish a link between the lineshape of a laser caused purely by the 
spontaneous emission in the cavity and the frequency noise power spectral density of its 
output. 

The spontaneous emission is a stochastic process [33]. The spontaneous emission events 
disturb the phase of the output electric field of a laser [2]. The probability of a spontaneous 
emission event is constant per unit of time [33], in other words it may happen with the same 
probability at every Fourier frequency. The power spectral density for spontaneous 
emission is therefore flat, in other words white. The level of the spontaneous emission is 
quantified by the frequency noise power spectral density 𝑆𝜈(𝑓). The frequency noise 𝑆𝜈(𝑓) 
contains information regarding the Fourier frequencies at which oscillations of the electric 
field happen and with what amplitude. Since frequency is the time derivative of the phase, 
the phase noise power spectral density 𝑆𝜑(𝑓) can be derived from the frequency noise 

power spectral density and vice versa. Both 𝑆𝜈(𝑓) and 𝑆𝜑(𝑓) are denoting single side-sided 

spectral densities in the derivations below and in the rest of this thesis. 
In this section, we will link the laser lineshape and linewidth to the laser frequency noise 

which provides a more detailed image of the laser spectral purity. This link will be 
established by mathematically expressing the laser output lineshape in terms of 
frequency/phase noise power spectral density. The analysis below is a summary from [34]. 

The output electrical field 𝐸(𝑡) of a laser can be written as 

𝐸(𝑡) = 𝐸0𝑒𝑗(2𝜋𝜈0𝑡+φ(t))    (1) 

where 𝐸0 is the field amplitude, 𝜈0 the optical frequency and 𝜑(𝑡) the time varying phase 
of the wave. The single-sided power spectral density of the electric field is the Fourier 
transform of the field auto-correlation function and it can be expressed as 

𝑆𝐸(𝜈) = 2 ∫ 𝑒−𝑗2𝜋(𝜈)𝜏𝑅𝐸(𝜏)𝑑𝜏
∞

−∞
    (2) 

where 𝜈 is the frequency in the optical domain and 𝑅𝐸(𝜏) is the autocorrelation function of 
electric field defined as 𝑅𝐸 = 𝐸(𝑡 + 𝜏)𝐸∗(𝑡). The autocorrelation of the electric field can be 
expresses as 

𝑅𝐸(𝜏) = 𝐸0
2𝑒𝑗2𝜋𝜈0𝜏𝑒𝑗𝛷(𝑡,𝜏)     (3) 
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where exp (𝑗𝛷(𝑡, 𝜏)) = exp (𝑗[𝜑(𝑡 + 𝜏) − 𝜑(𝜏)]). The goal now is to express the term 
exp (𝑗𝛷(𝑡, 𝜏)) in terms of spectral density of phase fluctuations 𝑆𝜑(𝑓). By assuming a 

stationary process (statistical properties do not change over time) and uncorrelated phase 
shifting spontaneous emission events (Poissonian) the second term in (3) can be expressed 
as 

𝑒𝑗[𝜑(𝑡+𝜏)−𝜑(𝜏)]  = 𝑒− ∫ 𝑆𝜑(𝑓)[1−𝑐𝑜𝑠2𝜋𝑓𝜏]𝑑𝑓
∞

−∞    (4) 

By substituting (4) into (3) and then (3) into (2) a direct relation between the optical 
spectrum and the phase noise power spectral density is derived 

𝑆𝐸(𝜈 − 𝜈0) = 𝐸0
2 ∫ 𝑒−[𝑗2𝜋(𝜈−𝜈0)𝜏]𝑒(− ∫ 𝑆Φ(𝑓)[1−cos 2𝜋𝑓𝜏]𝑑𝑓

∞
0 )𝑑𝜏

∞

−∞
 (5) 

This expression can be used to calculate the lineshape of the laser output if the 
frequency/phase noise spectrum is known. Since the frequency noise power spectral 
density is white, the phase noise can be written as 𝑆𝜑(𝑓) = 𝑆𝜈(𝑓)/𝑓2 = 𝑆𝜈

0/𝑓2 and 

substituted in (5). Equation (5) can be analytically solved for this form of phase/frequency 
noise. For white frequency noise the shape of the lasing mode is described by 

𝑆𝐸(𝜈 − 𝜈0) = 2𝐸0
2

𝛾

2

(
𝛾

2
)

2
+4𝜋2(𝜈−𝜈0)2

     (6) 

where 𝛾 = 2𝜋2𝑆𝜈
0. This is in fact the Lorentzian function with 𝜋𝑆𝜈

0 width. The lineshape of a 
laser output spectrum therefore has a Lorentzian lineshape (blue line in Fig. 7(a)). Its 
linewidth depends on the level of the power spectral density of the frequency noise which 
is caused by the spontaneous emission in the cavity. The Lorentzian linewidth is often called 
intrinsic or quantum linewidth because it is fundamental and entirely attributed to the 
amplified spontaneous emission in the laser cavity. This linewidth was predicted by 
Schawlow and Townes in [2]. 

(a) (b) 

Figure 7 (a) Lorentzian (blue), Gaussian (orange) and Voigt (yellow) profiles, (b) frequency noise 
power spectral density of a laser. The 1/f noise with different slopes and the white noise are 
indicated. 
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In realistic cases the frequency noise of lasers is not flat over the whole frequency range 
but more complex (Fig. 7(b), from Chapter 4). External factors contribute to the so-called 
1/𝑓𝑎 noise [34] which increases at low Fourier frequencies. In the special case where 𝑎 =
2, the frequency noise is called random-walk noise and it is often caused by temperature 
fluctuations, mechanical vibrations and other environmental disturbances. If 𝑎 = 1 the 
noise is called flicker noise and it is fundamental to all active electronic devices. In such 
cases the frequency noise is flat only above the frequencies where the 1/𝑓𝑎 is equal to the 
white part. In practice due to this more complex frequency noise spectrum (5) cannot be 
solved analytically in order to determine the lineshape and linewidth. 

The linewidth and lineshape of a laser in the presence of technical noise can become 
Gaussian (orange line in Fig. 7(a)) or a combination of Lorentzian and Gaussian functions. 
Such a profile is called a Voigt profile ((yellow line in Fig. 7(a))). Whether the lineshape is 
Lorentzian, Gaussian or a combination of the two, depends on the level of the white noise 
and the Fourier frequency where the 1/𝑓𝑎 crosses the white noise. The Gaussian lineshape 
can be intuitively be thought of as a narrow Lorentzian function wandering around the 
central frequency. In these cases the observed linewidth depends on the 
observation/measurement time which means that linewidth is a matter of timescales. On 
the other hand, a purely Lorentzian linewidth resulting from white frequency noise is 
independent of the measurement time. In Appendix A, a simple approach [35] which is used 
later in this thesis to determine the part of the frequency noise contributing to the linewidth 
and the resulting linewidth is briefly explained. 

1.6 Photonic Integration 

This section aims to introduce some of the most widely used technologies and material 
systems for realizing integrated/chip-based lasers. Even though the section is focused on 
lasers the integration is not limited to them but may also include additional components for 
the realization of larger photonic circuits. 

The output light of lasers is always manipulated by several other devices connected at 
its output and their functionalities depend on the target application. Soon after the 
invention of the laser, it was recognized that several components could be integrated on 
the same chip as a semiconductor laser [36]. The advantages of such approach are the 
dramatic reduction of the volume and weight of a system, increased robustness and the 
reduction of cost and power consumption. Today such circuits are called photonic 
integrated circuits (PICs) and they are poised to enable, improve and even create a large 
range of applications. Such applications are high-speed telecommunications and data-
communications, medical imaging and bio-sensing for disease prognoses, sensing for 
structural health monitoring or detection of gases in the atmosphere, quantum 
communications for safer communications links, light ranging and detection for 
autonomous driving, spectroscopy, low-noise microwave synthesizers for radars, atomic 
clocks and many more. Here we will shortly review the main material systems and 
technologies used for the realization of semiconductor lasers which enable integration with 
larger PICs. 
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Elements of group IV, elements of groups III and V and glasses have been the most 
popular materials for photonic integration. Silicon (Si) and germanium (Ge) from group V 
however are in-direct bandgap materials meaning that the minimum of the conduction 
band and maximum of the valence band do not have the same momentum. Therefore they 
are not suitable for light generation. On the other hand, binary, ternary and quaternary 
materials from III-V groups are (mostly with a few exceptions) direct bandgap materials and 
have been extensively and successfully been used for the light sources in the 0.34 – 3 μm 
wavelength range [37]. 

Despite being an in-direct bandgap material, silicon has been also very successful in the 
realization of photonic devices and circuits that do not require light generation such as 

(a) (b) 

(d) (c) 

(e) (f) 

Figure 8. Examples of state-of-the-art integrated lasers in different technology and material 
systems. In (a) optically pumped DFB lasers with III-V directly grown on silicon [40], (b) narrow 
linewidth heterogeneously integrated lasers on silicon [41], (c) hybrid semiconductor-dielectric 
(Si3N4) laser [42], (d) optically pumped erbium-doped DFB laser on Si3N4 [43], (e) array of four 
monolithically integrated widely tuneable lasers on InP using selective area growth [44], (f) 
Tuneable laser integrated with modulator and booster SOA [45]. 
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modulators, filters, resonators etc. [38]. Moreover, in recent years there has been a huge 
effort in the silicon photonics world to integrated light sources [39]. In Fig. 8(a)) a render of 
distributed feedback lasers with III-V directly grown on silicon is shown [40]. These lasers 
were however optically pumped. A more popular approach is bonding III-V material on top 
of silicon as gain blocks to obtain evanescent coupling. In Fig. 8(b) an example of two 
tuneable lasers is shown where the III-V gain material is bonded on silicon using molecular 
bonding [41]. Many other examples of heterogeneously integrated lasers can be found in 
literature. Similarly, silicon nitride was successfully incorporated initially for the realization 
of devices that do not require light generation [42]. Later lasers were also realized by using 
butt-coupled III-V material as gain blocks (Fig. 8(c)) [43] or rare-earth ion (erbium, 
ytterbium) doping (Fig. 8(d)) [26] and optical pumping like fibre lasers. 

Among the III-V materials, the indium-gallium-arsenide-phosphide (InGaAsP) /InP 
system has been especially favoured because it is suitable for the fabrication of lasers 
between 1 – 2 μm which includes the zero dispersion and minimum attenuation telecom 
windows at 1.31 μm and 1.55 μm respectively of the silica optical fibres [31]. In Fig. 8(e) a 
chip with an array of four lasers fabricated with selective area growth is depicted [44]. The 
lasers are tuneable over 96 nm in total. In Fig. 8(f) an example of a transmitter PIC is shown 
[45]. The laser is a distributed Bragg grating laser with sampled-DBR mirrors and at its 
output there is a Mach-Zehnder modulator and two SOA sections for boosting the output 
power. Another reason for the wide adoption of this material system is its versatility. The 
emission wavelength can be chosen freely within this range while heterostructures can be 
latticed matched to InP substrates. Furthermore, by deploying multiple growth and etching 
steps in a process, cross-sections with different optical (and electrical) properties can be 
fabricated. This approach can lead to the integration of optically active and passive (no light 
generation) devices in a monolithic process. 

1.7 InP active-passive photonic integration technology 

The integrated photonic circuits and devices presented throughout this thesis were 
fabricated in the InGaAsP/InP material system. This is a monolithic active-passive 

Figure 9. An InP wafer which after processing is cleaved to 
multiple chips with different photonic circuits and devices. [48] 
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integration technology [46, 47] in which all devices are fabricated in a single process as will 
be explained in this section. The process takes place on a wafer-scale level (Fig. 9) on which 
many different circuits can be fabricated. After the fabrication, the wafer is cleaved into 
many photonic chips containing one or multiple photonic circuits. 

The technology is based on three epitaxial growth steps with metalorganic vapour phase 
epitaxy and several etching steps. The first step is the growth of the active material on a 
highly n-doped InP substrate. All photonic devices on a single chip are electrically connected 
through the InP substrate. At the end of the process the active core is sandwiched between 
two bulk InGaAsP quaternary material layers with bandgap at 1.25 μm (Q1.25) as shown in 
Fig. 10(a). The active material is etched away everywhere, except in places where SOAs are 
needed. The second growth step follows and passive bulk Q1.25 material is grown where 
the active material was before etching. The active and passive layers have the same height 
and they are connected via a butt-joint interface. The interface quality is very important to 
ensure minimal losses (<0.1 dB) and reflections (<-50 dB) at the transitions. The third 
growth step is the growth of the upper p-doped cladding layers and a ternary heavily p-
doped InGaAs layer for metal contacting. The waveguides are protected by spin-coating of 
polyimide to ensure a flat profile at the height of the InGaAs layer. Finally, metal contacts 
with titanium, platinum and gold layers are realized for electrical interconnections. 

The SOAs (Fig. 10(a)) are based on shallow etched (no etching through the active core) 
ridge waveguides. The core is composed of multi-quantum-well (MQW) material with four 
QWs. They provide optical gain around 1550 nm to the transverse-electric (TE) mode. Two 
flavours of passive ridge waveguides are available in this technology, deep and shallow 
etched (Fig. 10(c) and (d)) for higher and lower optical confinement respectively due to their 
index contrast. The choice of Q1.25 material is a trade-off between the effective index of 
the guiding mode and the optical losses. Larger bandgap yields lower refractive index and 
therefore higher bending losses. Furthermore, the transversal mode confinement is weaker 
which may result in larger overlap with p-doped InP and higher optical losses. On the other 

(a) (b) 

(c) (d) 

Figure 10. Cross-sections of (a) the MQW SOA based on a shallow etched ridge waveguide, (b) 
deep etched ERM, (c) shallow and (d) deep etched ridge passive waveguides. 
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hand a lower bandgap energy material yields higher confinement, smaller bending losses 
and lower overlap with the p-doped material. However absorption and electro-absorption 
losses increase due to the reduced bandgap energy. In the same integration technology 
deep and shallow electro-refractive modulators are available as well. The cross-section of a 
deep etched ERM is shown in Fig. 10(b). The only difference between it and a passive 
waveguide is the additional InGaAs layer and the metallization which allow voltage or 
current control. The ERMs are designed for reverse bias operation and the changes in 
effective index are a result of field (Pockels and Kerr) and carrier (plasma and band-filling) -
based electro-optic effects. More information on the ERMs can be found in Chapter 5. 

Following the above process a large variety of components (SOA, splitters/combiners, 
filters, reflectors, phase and amplitude modulators, photodetectors) is available in order to 
form application specific photonic integrated circuits with enhanced functionalities. The 
technology is since 2013 commercially available through Smart Photonics [47, 48] in the 
form of multi-project wafer runs [49] where designers can submit their PIC designs and 
share the fabrications costs. 

Two very important things should be noted here: 
1) Since this process/technology is standardized by the foundry, the user/designer has 

the option to modify only some parameters in some of the components which are 
available in the component library. 

2) The performance and some limitations of the current technology are results of 
design choices. An example was given of the trade-offs in the ERM cross-section 
design was given. More examples can be given for the modification of the layer-
stack of phase modulators, photo-detectors, distributed Bragg gratings etc. In 
practice however a lot depends on the needs of a specific application and how 
complex (and therefore expensive) one is willing to make the process, e.g. number 
of re-growths. 

1.8 Thesis outline 

The chapters following the introduction and theoretical background part will describe 
the steps towards demonstrating a fibre-based sensing system using stabilized integrated 
diode lasers and the discrimination of strain and temperature. 

 
Chapter 2 contains the design, characterization and analysis of output spectrum and 

linewidth of multi-section distributed Bragg reflector lasers with an intra-cavity ring 
resonator. We elaborate on the intrinsic linewidth analysis and try to predict what the 
linewidth limits are by using ring resonators to increase the laser cavity effective length with 
the current integration technology. The intrinsic linewidth for sensing applications (but not 
limited to them) is important because it greatly relaxes the specifications of the PDH locking 
system without compromising the sensing system resolution.  

 
The content of this chapter has been separately published as:  
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Stefanos Andreou, Kevin A. Williams, and Erwin A. J. M. Bente, "Monolithically integrated 
InP-based DBR lasers with an intra-cavity ring resonator," Opt. Express, vol. 27, no. 19, pp. 
26281-26294, 2019. 

 
In Chapter 3 we demonstrate the PDH frequency stabilization and linewidth narrowing 

of the lasers presented in Chapter 2. This is achieved through voltage-controlled electro-
optic tuning for the feedback control loop. The single negative electrical feedback is applied 
on the rear mirror of the laser and linewidth of 5 kHz is reported.  

 
The content of this chapter is largely transcribed from an article published as: 

S. Andreou, K. A. Williams and E.A.J.M. Bente, “Frequency stabilization of an InP-based 
integrated diode laser deploying electro-optic tuning,” IEEE Photonics Technology Letters, 
vol. 31, no. 24, pp. 1-4, Nov., 2019. 
The last section of this chapter has been added to the published article. 

 
In Chapter 4 we present a tuneable ring laser over 34 nm based on the Vernier effect of 

two voltage-controlled tuneable intra-cavity ring resonators. We show that the typical 
intrinsic linewidth of the laser is about 110 kHz regardless the lasing wavelength, i.e. the 
voltage settings on the rings. We furthermore report its frequency stabilization to 1 kHz 
level using the same principles as in Chapter 3. 

 
The content of this chapter is largely transcribed from an article published as: 

S. Andreou, K. A. Williams and E.A.J.M. Bente, “Electro-optic tuning of a monolithically 
integrated widely tuneable InP laser with free-running and stabilized operation,” IEEE 
Journal of Lightwave Technology, currently available in early access. 

 
In Chapter 5 we explore the integration of the phase modulator used in the PDH scheme 

on-chip. More specifically we investigate the problem of residual amplitude modulation 
(RAM) of an ERM in the Smart Photonics integration platform. The RAM is more pronounced 
in semiconductor modulators compared to traditionally used lithium niobate and its steady-
state effect of the PDH locking. We report that due to the non-monotonic voltage-
dependent losses optimum operation points can be selected. In practice however we find 
that on-chip electrical cross-talk problems arise and we propose solutions for those.  

 
The content of this chapter is largely transcribed from the published article:  

S. Andreou, K. A. Williams and E. A. J. M. Bente, "Steady-State Analysis of the Effects of 
Residual Amplitude Modulation of InP-Based Integrated Phase Modulators in Pound–
Drever–Hall Frequency Stabilization," IEEE Photonics Journal, vol. 11, no. 3, pp. 1-14, June 
2019, Art no. 6601814. 
The last section of this chapter has been added to the published article. 
 

In Chapter 6 the sensing system using stabilized integrated lasers is presented. The 
sensing system has a heterodyne-based read-out using a laser locked to a stable optical 
cavity and a laser locked to a π-shifted fibre Bragg grating. Their beating frequency is read 
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with a frequency counter. We extract the sensitivities of a π-shifted FBG written in a PMF 
and use them to discriminate strain and temperature effects. We demonstrate strain and 
temperature resolutions of 14.3 nε and 1.3 mK. Our measurements for fast- and slow-axis 
resonances are taken in series and in parallel. The read-out speed for these resolutions is 
2 Hz and it is limited by mechanical vibrations. We show that the read-out speed can be 
increased to the kHz level without the disturbances and the resolution is expected to 
improve by a factor of 5. 

 
In Chapter 7 the generation of microwave frequency signals using frequency stabilized 

diode lasers is explored. We stabilize two lasers integrated on a single chip locked to 
different resonances on the same reference cavity. Three examples of generated tones 
below 50 GHz are presented and the pros and cons of this approach are discussed.  

 
The content of this chapter is largely transcribed from the conference contribution: 

S. Andreou, K. A. Williams and E. A. J. M. Bente, "Radio-Frequency Signal Generation Using 
Actively Frequency Stabilised Monolithically Integrated InP-Based Lasers," 2019 21st 
International Conference on Transparent Optical Networks (ICTON), Angers, France, 2019, 
pp. 1-4. 
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CHAPTER 2 

Monolithically integrated InP-based DBR lasers 

with an intra-cavity ring resonator 

Abstract - We investigate the effect of a ring resonator on the linewidth 
and output spectrum of monolithically integrated extended cavity multi-
section DBR lasers with an intra-cavity ring resonator. The goal is to achieve 
an understanding of whether and how the use of an additional ring filter 
improves the performance of a DBR laser on the aspects of the SMSR and 
intrinsic linewidth using the capabilities of the InP active-passive integration 
platform. The laser output spectrum is in good agreement with our 
theoretical calculations from a steady-state spectral model. A side-mode 
suppression ratio between 60 and 70 dB is measured for a range of operating 
semiconductor optical amplifier currents. The frequency noise power spectral 
density is measured for a range of output power levels. A minimum intrinsic 
linewidth of 63 kHz is reported. We compare the measured Lorentzian 
linewidths with our theoretical expectations and present estimates of the 
possible linewidth improvement with the available photonic integration 
technology used in this work. 
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2.1 Introduction 

In recent years semiconductor continuous wave (CW) narrow linewidth lasers have 
become increasingly important. They are enabling devices in numerous fields including 
telecommunications and use of high order modulation formats for high spectral efficiency 
[1], RF signal generation for radio over-fibre distribution and wireless communications [2,3], 
light detection and ranging (LIDAR) [4] and quantum optics [5]. Furthermore they are 
utilized in metrology and sensing of strain, pressure and temperature applications [6,7] 
where low linewidth enables higher resolution. 

The linewidth of a laser is the result of two dominant contributions. These are the 
amplified spontaneous emission (ASE) which defines the intrinsic linewidth and technical 
noise in the form of 1/𝑓 which is dominating at lower frequencies. The effect of the ASE on 
the linewidth of a single frequency semiconductor laser can be described by the Schawlow-
Townes-Henry formula [8, 9]. This theory states that the linewidth of a laser due to ASE is 
proportional to the optical losses per unit length inside the laser cavity. It is therefore 
necessary to keep all intra-cavity losses such as scattering due to roughness, material 
absorption, spectral filters and out-coupling from the cavity also minimal. Furthermore 
longer lengths of low loss waveguide in the cavity reduce the loss per unit length thus 
improving the linewidth. For example, semiconductor optical amplifiers (SOA) typically have 
a high internal optical loss per unit length [10] compared to passive waveguides. Extended 
cavity lasers which include a long low loss passive waveguide (usually of different material) 
significantly reduce the average loss per unit length and obtain a significantly lower intrinsic 
linewidth [11]. Increase of the cavity length however does not further reduce the linewidth 
if the length exceeds the inverse of the passive waveguide loss [12]. Increasing the cavity 
length however also reduces the cavity mode spacing and consequently the modes undergo 
similar round trip gain thus increasing mode competition. In this case, additional filters in 
the cavity may be necessary to ensure single mode operation of the laser with a sufficiently 
good side-mode suppression ratio (SMSR). 

Different integration technologies, material systems and design strategies have been 
used to realize single mode lasers and improve their linewidth. Excellent results, with sub-
kHz intrinsic linewidths, below 300 Hz and 60 dB SMSR have been demonstrated by an 
extended cavity laser containing ring resonators using the hybrid integration of silicon 
nitride and InP gain element [13]. Extended cavity lasers with multiple intra-cavity ring 
resonators and 500 Hz and 2.5 kHz intrinsic linewidth were reported using heterogeneous 
integration of III-V bonded on silicon [14, 15]. The SMSR in [14] reached 60 dB. Other 
examples of heterogeneous integration include engineering of the transverse mode overlap 
with the III-V material by using an oxide layer in-between that and Si have been reported 
with 1 kHz intrinsic linewidth [16] and SMSR of 55 dB. In the last few years monolithically 
integrated distributed Bragg reflector (DBR) lasers have also made considerable advances. 
In [17] DBR lasers with sampled gratings with lowest linewidth of ~45 kHz and 57 dB SMSR 
are demonstrated. The lasers however include a booster SOA and an additional spectral 
filter at the output of the cavity to improve the SMSR. In [18] DBR lasers with supermode 
DBRs and InGaAlAs multi-quantum well material show linewidth of ~55 kHz and SMSR of 56 
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dB. The lowest intrinsic linewidth results have been obtained using cavities with several 
intra-cavity ring filters in hybrid and heterogeneous integration technologies. 

In this paper we are investigating the use of an intra-cavity ring filter to improve the 
spectral output of laser realized in a monolithic photonic integration platform.  We achieve 
this without significantly increasing the laser footprint. We present the design, experimental 
results and analysis of the spectral output and frequency noise power spectral density of 
monolithically integrated extended cavity lasers with two DBR sections and a single intra-
cavity ring resonator. Three lasers with different combinations of SOA and DBR lengths are 
designed and fabricated in a commercially available InP-based active-passive generic 
integration technology [19, 20] by making use of a standardized available component 
library1. 

This paper is organized as follows. In section 2.2, we present details on the cavity design 
and the design considerations. This design aims to further suppress all unwanted cavity 
modes further than the DBR mirrors do. In section 2.3 the results of a compact steady-state 
spectral model and a comparison with a multi-section DBR laser are presented. In section 
2.4, the experimental results on the current-light-voltage curves are presented and the 
spectral quality is compared with the model. The power spectral density of the frequency 
noise and linewidth performance of three fabricated lasers with different lengths of SOAs 
and DBR mirrors are presented. In section 2.5 we discuss the findings of the linewidth 
characterization and compare them to our theoretical calculations. We discuss possible 
increase of the effective length of the ring resonator and subsequent improvement of the 
linewidth based on the existing technology. We end the paper with summarizing the main 
conclusions. 

2.2 Laser cavity 

In order to reduce the intrinsic linewidth of an integrated laser one can increase the 
cavity length of a laser [12]. There are two ways to achieve this. The first one is to increase 
the physical length of the cavity by adding more low loss passive waveguide, as done with 
external cavity lasers for example. The implications of this lengthening on its single mode 
operation, as already mentioned in the introduction, are however that it is increasingly 
difficult to obtain single longitudinal mode operation. Here, we focus on the second way to 
increase the cavity length by increasing the effective length [21] instead of the physical one. 
To achieve an effective length increase, typically ring resonators are placed into the laser 
cavity. The complex electric field transmitted through a ring cavity filter 𝐸𝑡 is given by [22] 

𝐸𝑡 =  −
𝜅1

∗𝜅2√𝑎𝑟𝑒
𝑗𝜃
2

1−𝑡1
∗𝑡2

∗𝛼𝑟𝑒𝑗𝜃 𝐸𝑖     (1) 

where 𝐸𝑖  is the input field amplitude  𝜅1,2 and 𝑡1,2 are the electric field coupling and self-

coupling coefficients of the two coupling regions respectively, 𝛼𝑟 is the round trip 
transmission coefficient and 𝜃 = 𝛽𝐿 where 𝛽 is the propagation constant of guided light 

                                                           
1 The chip was fabricated in the framework of Smart Photonics multi-project wafer run SP21. 
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and L is the ring circumference. The * denotes the complex conjugate. The effective length 
of a ring resonator 𝐿𝑒𝑓𝑓  can be calculated by 

𝐿𝑒𝑓𝑓   =
𝜆

𝛽
 (

𝑑𝜑

𝑑𝜆
 )    (2) 

where 𝜑 = 𝑎𝑟𝑔(𝐸𝑡) is the effective phase delay and λ the vacuum wavelength. The 
steeper the slope 𝑑𝜑/𝑑𝜆 of the phase delay is around the resonant wavelength, the longer 
is the effective length 𝐿𝑒𝑓𝑓  of the resonator. To obtain a longer effective length from a ring 

resonator the round trip losses need to be minimized and therefore the power coupling to 
the ring must be low as well. Examples of this approach are lasers in [13-15, 23] where high-
Q resonators are used in order to increase the effective length and furthermore for tuning 
purposes. 

In a similar way, we add an intra-cavity ring resonator in a multi-section DBR laser to 
investigate the effect on the linewidth and output spectrum of the laser. A schematic of the 
laser cavity is shown in Fig. 1(a). The cavity is formed by the two DBRs and it includes a SOA, 
a ring resonator and passive waveguides that connect all the components. The DBR grating 
design has a 50% duty cycle, a designed coupling coefficient of 50 cm−1 and the rear and 
front grating are 400 and 300 µm long respectively. For these lengths, the reflectivities are 
predicted to be 85% and 70% respectively. The rear DBR length was chosen close to the 
maximum length available for the fabrication service. The length choice of the front DBR is 
a compromise between the output power and linewidth since higher reflectivity mirrors 
theoretically result in lower linewidth but also lower output power. The SOA length is 500 
µm long and it contains four quantum-wells. The SOA is based on a shallow etched ridge 
waveguide and provides higher gain for the transverse-electric (TE) polarization mode. A 
cross-section of the SOA is shown in Fig. 1(b). Above and below the multi-quantum-well 
(MQW) material there is quaternary material with bandgap at 1.25 μm (Q1.25). The 
substrate and cladding are n-doped and p-doped InP material with gradient doping (the 
dark blue colour represents heavier doping than the lighter blue). The ring resonator is 

Figure 1 (a) Schematic of the DBR laser with an intra-cavity ring resonator. The DBR mirrors that 
form the cavity are 300 μm and 400 μm long and the SOA 500 μm. The coupling to the ring 
resonator is implemented using 2x1 MMIs. (b) Cross-section of the SOA with the active core 
containing 4 quantum-wells, placed between Q1.25 quaternary material and n- and p-doped 
substrate and cladding respectively. 
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formed by two 2x1 multimode interference (MMI) couplers. The MMIs couplers are also 
used to couple light in and out of the ring resonator. The power splitting ratio of the MMIs 
is 50% and their expected excess insertion is less than 1 dB. 
In the design procedure, we minimized both the circumference of the ring resonator and 
the cavity length in order to keep the free spectral range (FSR) of the ring and cavity mode 
spacing as large as possible. E.g. let’s assume the ring resonator resonance is in the centre 
of the DBR stop-band. If the ring resonator FSR is equal or larger than half the DBR stop-
band width, every other cavity mode within the DBR band will be suppressed by the ring 
filter. The 2x1 MMIs were chosen instead of 2x2 MMIs that are also available in this 
technology because they are shorter. The arc radius of the ring resonator is 80 µm which is 
about the minimum with low bending losses (~0.1 dB per 90°). The result is a ring with 
1.02 nm (128 GHz) FSR and a laser cavity mode spacing of approximately 0.10 nm 
(12.5 GHz). The stopband width of the DBR mirrors is approximately 2 nm (250 GHz) which 
means that the first cavity modes that fall within the ring resonator transmission are at the 
edge of the band thus should be greatly suppressed. A larger ring radius would mean that 
more ring modes would exist within the DBR stopband and cavity modes would be present 
in the transmission resonances. Therefore these cavity modes would not be further 
suppressed by the ring resonator but only by the DBR mirror. 

2.3 Compact steady state spectral model 

A phenomenological steady state spectral model [24] was developed in order to 
estimate the output spectrum of the laser. Using this model, we calculated the output 
spectrum of the laser very close to threshold. The model is based on a transfer matrix (T-
matrix) formulation [25]. The electric field amplitude and phase transmission response of 
every element in the cavity (SOA, ring resonator, passive waveguide, DBR mirrors) is 
described by a wavelength dependent T-matrix (Fig. 2(a)) and all of them can be lumped to 
a single matrix, 𝑇𝑖𝑛𝑡𝑟𝑎−𝑐𝑎𝑣𝑖𝑡𝑦  in Fig. 2. The T-matrix for length L of passive waveguide is 

𝑇𝑝𝑎𝑠𝑠𝑖𝑣𝑒−𝑤𝑔 = [𝑒−𝑗
2𝜋

𝜆
𝑛𝑒𝑓𝑓𝐿𝑒

𝑎𝑝𝑎𝑠𝑠𝑖𝑣𝑒𝐿

2 0

0 𝑒𝑗
2𝜋

𝜆
𝑛𝑒𝑓𝑓𝐿𝑒−

𝑎𝑝𝑎𝑠𝑠𝑖𝑣𝑒𝐿

2

]   (3) 

where 𝑎𝑝𝑎𝑠𝑠𝑖𝑣𝑒  is the passive loss per unit length and 𝑛𝑒𝑓𝑓 the effective index of the 

propagating mode. The two exponential terms represent the phase accumulation and 
propagation loss of the propagating electric field. The anti-diagonal elements are zero, 
indicating that no reflections or backscattering is assumed. If the passive loss 𝑎𝑝𝑎𝑠𝑠𝑖𝑣𝑒  in Eq. 

(3) is substituted by the modal gain of the SOA, the matrix becomes the SOA T-matrix. The 
ring resonator T-matrix is 

𝑇𝑟𝑖𝑛𝑔 = [

𝐸𝑖

𝐸𝑡
0

0 −
𝐸𝑡

𝐸𝑖

]     (4) 
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where 𝐸𝑡 is the electric field transmission through the ring resonator as defined in Eq. 
(1).  

The total amplitude and phase response of the DBR mirrors are also calculated by 
multiplying T-matrices describing the short waveguide sections with higher and lower 
refractive index and the reflections at their interfaces. By using the T-matrix definition 
equations and adding the amplified spontaneous emission (Fig. 2(b)) the following equation 
system is obtained  

𝐴1 = 𝐴2𝑇11 + 𝐵2𝑇12 + 𝐴𝑆𝐸    (5) 

𝐵1 = 𝐴2𝑇21 + 𝐵2𝑇22     (6) 

where ASE is the amplified spontaneous emission, 𝑇11, 𝑇12, 𝑇21  and 𝑇22 are the 
corresponding elements from the total T-matrix of all intra-cavity elements. We consider 
no intra-cavity reflections therefore 𝑇21 and 𝑇12 are zero. By imposing the boundary 
conditions (DBR mirrors) using 𝐴1 = 𝐵1𝑅𝑅𝐷𝐵𝑅  and 𝐵2 = 𝐴2𝑅𝐹𝐷𝐵𝑅, where 𝑅𝑅𝐷𝐵𝑅  and 𝑅𝐹𝐷𝐵𝑅  
are the reflectivities of rear and front DBR mirrors respectively, and solving the linear 
equation system, the relative steady state amplitude of the envelope of a monochromatic 
single transverse mode is calculated by: 

𝛦(𝜆) = 𝐴𝑆𝐸
𝛵22𝑅𝑅𝐷𝐵𝑅

𝑇11−𝑇22𝑅𝑅𝐷𝐵𝑅𝑅𝐹𝐷𝐵𝑅
    (7) 

The field amplitude is calculated for a range of wavelengths for a specific SOA modal 
gain. The SOA gain is gradually increased until the round trip gain almost reaches unity 
somewhere in the wavelength range. At this point the laser almost reaches unity - 
threshold. The value of ASE that is used in this case is 10−4. 
In Fig. 3 the calculated output spectra for the DBR laser with an intra-cavity ring resonator 
with the details given in section 2 (orange) and a multi-section DBR laser with 350 µm long 
SOA, 500 µm and 50 µm long DBR mirrors and a 300 µm long phase section (yellow) is 
shown. Despite the longer cavity length and therefore the smaller cavity mode spacing, the 
DBR laser with the intra-cavity ring resonator (orange line) is expected to show a higher 
SMSR. This is caused by the wavelength selectivity due to the ring resonator. Even though 
the neighbouring cavity modes are closer to the lasing mode (by almost a factor of 3) they 
are further suppressed compared to the shorter laser with DBRs only (yellow line). 

Figure 2 . (a) In the red dashed rectangle, the individual elements inside the cavity are presented. Every 
component is described by an individual T-matrix and the Tintra-cavity that describes a single-pass 
transmission through all the components can be calculated by matrix multiplication. The cavity is formed 
by the two DBR mirrors. (b) By adding the amplified spontaneous emission (ASE) and solving the 
equations that describe the system with the boundary conditions (DBR reflectivities) we can calculate 
the electric field in the cavity. 
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2.4 Characterization results of ring resonator and laser 

The DBR laser with ring resonator and a separate identical ring resonator were both 
characterized at 18 °C, regulated by a watercooler. 

2.4.1 Ring resonator 

The transmission of the ring resonator with 80 µm radius and 2x1 MMIs as described in 
Section 2.2 was characterized for TE polarized light in a circuit separate from the laser. The 
light was launched using a single mode polarization maintaining lensed fibre. After passing 
through the ring resonator, light was collected using a standard single mode lensed fibre. 
The facets of the chip are coated with anti-reflection coating. 

The ring resonator showed a quality factor (𝑄 = 𝜔/(2𝜋𝐹𝑊𝐻𝑀) ) of about 5500 and a 
finesse (𝐹 = 𝐹𝑆𝑅/𝐹𝑊𝐻𝑀) of 5. By assuming the coupling coefficient to be 0.5 (MMI 
splitting ratio), the round-trip transmission coefficient (percentage of the transmitted 
power after a single round-trip in the ring resonator including coupling and propagation 
losses) was extracted and found to be about 0.67 at the resonance wavelength. The round-
trip loss corresponds to -1.7 dB around 1540 nm.  Assuming 3 dB/cm for the passive 
waveguides [19-20], which is also confirmed by the information supplied by the foundry, 
the propagation loss for the circumference of the ring is ~0.15 dB. The bending losses which 
are dependent on the ring radius are approximately around 0.1 dB/90° so the total bending 

Figure 3 Recorded (blue) and calculated (orange) spectra for a multi-section DBR laser with an intra-
cavity ring resonator and calculated spectra for a multi-section DBR laser (yellow). The blue trace 
is a recorded spectrum of the laser at 20 mA, slightly above threshold (res. BW 5 MHz) and it is in 
good agreement with the calculated spectrum for the same laser (orange). According to the 
calculations even though the cavity length of the DBR-RR laser is longer and the mode spacing 
smaller, with obtain a higher SMSR compared to a multi-section DBR laser (yellow). 
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losses of the ring are about 0.4 dB.  The remaining loss which is ~1.15 dB is attributed to the 
two MMIs of the ring resonator. From the extracted parameters the effective length 𝐿𝑒𝑓𝑓  

of the ring resonator was calculated to be about 0.8 mm. This is an enhancement factor of 
about 25% compared to the physical length. 

2.4.2 Laser characterisation  

In Fig. 4(a) the voltage-current (VI) and light-current (LI) curves of the characterized laser 
with 500 µm SOA and 300 and 400 µm long DBRs are presented. The threshold current is 
15 mA corresponding to a current density of 1.5 kA/cm2. The maximum output power of 
the laser exceeds 5 mW at 100 mA. This power is the optical power in fibre to which we 
added the coupling losses from the chip facet to the lensed fibre and which are estimated 
at 4 dB. Above 60 mA the thermal roll-off starts to appear gradually. The series resistance 
calculated from the VI curve slope is about 6 Ω. A spectrum at 22 mA is shown in Fig. 3 (blue 
trace), recorded with a high resolution optical spectrum analyser (APEX AP2641B) with a 
resolution of 5 MHz. In Fig. 3 we show that the recorded spectrum is in reasonable 
agreement with our compact steady-state spectral model and exhibits an SMSR of about 65 
dB. Some discrepancy is observed between our model and the measured spectra with 
respect to the side-modes and the resulting SMSR. We attribute this discrepancy to the 
deviations of the fabricated components from the design values used in our simulations. 
Furthermore even though the ASE value used for the calculations was validated in [24], it 
might not be entirely accurate. The value was extracted from a different laser on a different 
wafer and changes in the SOA properties could arise. The neighbouring cavity modes are 
just visible above the noise floor of the spectrum analyser. The SMSR is maintained above 

Figure 4 Characteristics of a multi-section DBR laser with an intra-cavity ring resonator (𝐿𝑆𝑂𝐴 =
500 𝜇𝑚, 𝐿𝑓𝑟𝑜𝑛𝑡𝐷𝐵𝑅 = 300 𝜇𝑚, 𝐿𝑟𝑒𝑎𝑟𝐷𝐵𝑅 = 400 𝜇𝑚) (a) The light-current (black) and voltage-

current (blue) curves of the laser at 18 °C. The threshold current is 15 mA corresponding to a 
current density of 1.5 kA/cm2. The output power is almost 6 mW for which we assume about 4 
dB fibre to facet coupling loss. The series resistance is 6 Ω. (b) The SMSR is well above 60 dB for 
a current range from 20 to 100 mA. In this current range the laser operation is modehop-free. 
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60 dB and reaching almost 70 dB for the whole current range up to 100 mA (Fig. 4(b)). The 
wavelength shift over the whole current range up to 100 mA is mode-hop free. 

 
 
 

Figure 5 . (a) Single-side power spectral density of the frequency noise for the laser with 750 μm 
long SOA and 300 and 400 μm long DBR mirrors at different SOA current levels. The range 
indicated by the orange shaded area is the averaging region used to calculate the intrinsic laser 
linewidth. (b) The Lorentzian linewidth calculated from the white noise part of the frequency noise 
spectrum is plotted as a function of the inverse normalized output power for the three lasers. The 
minimum linewidth for the three lasers are 63 kHz (blue), 71 kHz (orange) and 93 kHz (yellow). A 
linewidth floor and a consequent linewidth increase is observed for all three lasers. 
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2.4.3 Laser frequency noise power spectral density 
characterization 

In this subsection we characterize the frequency noise power spectral density of three 
lasers with the cavity structure as the one presented in Fig. 1 and in the previous 
subsections. The three lasers include different SOA and DBR lengths. 

An overview of the three different combinations is given in the legend of Fig. 5(b). Their 
frequency noise was measured using a commercial frequency noise measurement setup 
(OEwaves OE400). The SOA of each laser was pumped using a low-noise laser diode 
controller (ILX LDX-3620B) and its optical output was amplified using a low noise-figure 
erbium-doped fibre amplifier (Keopsys CEFA-C-HG) in order to obtain sufficient optical 
power for the frequency noise measurements. The ASE of the EDFA was filtered using a 
narrowband optical filter with 0.4 nm bandwidth. Frequency noise measurements were 
taken over a range of SOA current levels therefore different optical output power levels. 

In Fig. 5(a) recorded spectra of the single-side frequency noise of the laser with an SOA 
length of 750 μm and front and rear DBR lengths of 300 and 400 μm respectively are 
presented. From 100 Hz frequency to 10 kHz, 1/𝑓 frequency noise is dominant. In the range 
from 10 kHz to about 2 MHz 1/𝑓𝑠 flicker frequency noise is visible, where 𝑠 < 1. The 
spectral density of the frequency noise becomes white (flat) approximately above 3 MHz. 
The level of the flat part of the single-sided frequency noise multiplied by π gives the 
intrinsic (Lorentzian) linewidth of the laser [26]. Multiple spurious peaks due to 
electromagnetic interference are visible in the spectra. The white part of the frequency 
noise is decreasing with increasing current from 25 to 50 mA as described by the modified 
Schawlow-Townes formula. It reaches its minimum spectra density of 20 kHz2/Hz at 50 mA 
(green trace). We chose to average the points that fall within the orange shaded range 
which is flat and no spurious peaks are present. The linewidth is then calculated to be 63 
kHz for the measured power spectral density for the laser with 750 μm long SOA and 300 
μm and 400 μm long DBR mirrors. At 100 mA SOA current the laser linewidth increases (red 
trace). 

In Fig. 5(b) the Lorentzian linewidths of the three lasers are presented as a function of 
the inverse normalized optical output power. With increasing SOA current and increasing 
output power the Lorentzian linewidth is initially decreasing as expected for all three lasers. 
The minimum Lorentzian linewidth observed for the three lasers are 63 kHz, 71 kHz and 91 
kHz. Comparing the lasers with the same SOA length (500 μm) but different DBR mirror 
length, we observe that the laser with longer mirrors and therefore higher reflectivities 
exhibits a lower linewidth (71 kHz). The lowest linewidth is observed from the laser with a 
longer SOA of 750 μm. In Table 1 the performance of the three lasers in terms of SMSR and 
intrinsic linewidth is summarized. 

At higher optical output power levels the linewidth is not further decreasing as 
Schawlow-Townes-Henry formula describes but a linewidth floor is encountered. The 
linewidth floor in semiconductor lasers, both monolithically and heterogeneously 
integrated, has been previously observed and is a known phenomenon which however lacks 
a definite explanation [12]. Some possible explanations like non-uniformity of the optical 
power and carrier distribution along the cavity, two-photon absorption and thermal 
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fluctuation processes have been proposed [27-28]. The current densities at which the 
linewidth floor occurs in this case are 5-6 kA/cm2 for the short SOA lasers and 3.5-4 kA/cm2 
for the longer one. Since these current densities are different, they do not indicate a direct 
link with the linewidth floor. 

If the non-uniformity of the optical power over the SOA is responsible for the increase 
in linewidth at higher output powers, the effect could be mitigated by the reduction of 
passive losses and distribution of the losses symmetrically over the two passive section on 
both sides of the SOA. Alternatively a segmented SOA could be used in the cavity. Another 
possible cause for the broadening is an increase in optical loss in the SOA at higher current 
levels and light intensity. Free-carrier absorption can increase as well as two-photon 
absorption in the amplifier. Furthermore the two-photon absorption could increase in the 
passive section of the lasers. The reduction of two-photon absorption would require the use 
of quaternary material with bandgap larger than 1.25 μm which is currently used for the 
wave guiding layers and above and below the active core. This would ultimately require to 
redesign of both the SOA and passive waveguide cross-section. 

 

2.5 Comparison between measured and theoretical linewidth 

In this section we compare our experimental results on the intrinsic linewidth of the 
lasers with theoretical predictions and try to understand how well we can predict the 
linewidth of these lasers. 

We use the following expression derived from Patzak in [29] which describes the 
linewidth for semiconductor extended cavity configurations 

𝛥𝜈 =
𝑣𝑔

2ℎ𝜈𝑛𝑠𝑝(1+𝛼2)

4𝜋𝑃𝑜
(𝑎𝑚 + 𝑎𝑖)𝑎𝑚

1

𝐶
 

1

𝐹2    (8) 

where 𝑣𝑔 is the group velocity, hν is the photon energy, 𝑛𝑠𝑝 the spontaneous emission 

coefficient, α is the linewidth enhancement factor, 𝑎𝑚 the distributed out-coupling loss, 𝑎𝑖  
the distributed internal loss, 𝑃𝑜 the laser output power and the term F the linewidth 
reduction factor due to the extended cavity. The term C in the denominator is defined as 

𝐶 =  (1 +
√𝑅1

√𝑅2
 
1−𝑅2

1−𝑅1
)     (9) 

Table 1. Summary of the performance of the three characterized lasers 

SOA 
length (μm) 

Rear DBR 
length (μm) 

Front DBR 
length (μm) 

Average 
SMSR (dB) 

Min. linewidth 
(kHz) 

750 400 300 67 63 

500 500 400 62 71 

500 400 300 64 91 
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where 𝑅1,2 are the power reflectivities of the two mirrors. It is a correction term 

correcting for the reflectivity imbalance between the two mirrors [12, 29]. The distributed 
power out-coupling loss 𝑎𝑚 is defined as 

𝑎𝑚 =
1

𝐿𝑆𝑂𝐴
𝑙 𝑛 (

1

√𝑅1𝑅2
)     (10) 

where 𝐿𝑆𝑂𝐴 is the length of the SOA. The distributed internal loss 𝑎𝑖  is defined as 

𝑎𝑖 =
𝐿𝑆𝑂𝐴𝑎𝑆𝑂𝐴 + 𝐿𝑝𝑎𝑠𝑠𝑖𝑣𝑒𝑎𝑝𝑎𝑠𝑠𝑖𝑣𝑒 + 𝑎𝑒𝑥𝑐𝑒𝑠𝑠

𝐿𝑆𝑂𝐴
     (11) 

where 𝑎𝑆𝑂𝐴 and 𝑎𝑝𝑎𝑠𝑠𝑖𝑣𝑒  are the losses per unit length of the SOA and passive sections 

respectively and 𝑎𝑒𝑥𝑐𝑒𝑠𝑠  any other losses inside the cavity. In this case the excess loss 
includes excess insertion loss of the MMIs in the cavity and transitions between waveguides 
with different cross-sections. The length 𝐿𝑝𝑎𝑠𝑠𝑖𝑣𝑒  is the length of the passive section which 

includes passive waveguides and the effective length of the DBR mirrors calculated with 

𝐿𝑒𝑓𝑓,𝐷𝐵𝑅 =
𝑡𝑎𝑛 ℎ(𝜅𝐿𝐷𝐵𝑅)

2𝜅
 [12]. The extended cavity related term F is defined as  

Table 2. Parameters for the theoretical linewidth calculation 

Parameter Value Description 

𝑛𝑠𝑝 2 Spontaneous emission 

𝑛𝑔,𝑆𝑂𝐴 3.65 Group index in SOA section 

𝑛𝑔,𝑝𝑎𝑠𝑠𝑖𝑣𝑒 3.65 Group index in passive waveguide 

𝑅1 0.92 / 0.85 Power reflectivity of rear mirror for 500 and 

400 μm long DBR mirrors 

𝑅2 0.85 / 0.70 Power reflectivity of front mirror for 400 and 

300 μm long DBR mirrors 

𝑎𝑆𝑂𝐴 25 cm-1 Internal loss in SOA 

𝑎𝑝𝑎𝑠𝑠𝑖𝑣𝑒 3 dB/cm Propagation loss in passive waveguides 

𝑎𝑒𝑥𝑐𝑒𝑠𝑠  3 dB Excess loss in the cavity 

𝛼 3 Alpha factor 

𝐿𝑆𝑂𝐴 500 / 750 μm SOA length for the two SOA length variations 

𝐿𝑝𝑎𝑠𝑠𝑖𝑣𝑒 1.640 / 1.648 mm Passive waveguide length. The values are for 

the two DBR length variations 
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𝐹 = 1 +
𝑛𝑔,𝑝𝑎𝑠𝑠𝑖𝑣𝑒(𝐿𝑝𝑎𝑠𝑠𝑖𝑣𝑒 + 𝐿𝑒𝑓𝑓)

𝑛𝑔,𝑆𝑂𝐴𝐿𝑆𝑂𝐴
    (12) 

where 𝑛𝑔,𝑝𝑎𝑠𝑠𝑖𝑣𝑒  and 𝑛𝑔,𝑆𝑂𝐴 are the group indices in the passive and active sections of 

the cavity respectively and 𝐿𝑒𝑓𝑓  is the effective length of the ring resonator. Here it worth 

mentioning that in [12] the F can include an additional term that we omit in this analysis. 

This term is 
𝛼

𝜏𝑅𝐷
(

𝑑

𝑑𝜔
𝑙 𝑛(𝑟(𝜔)))  where 𝜏𝑅𝐷 is the round-trip time in the gain section and 

𝑟(𝜔) the reflectivity spectrum of the mirrors. Since the reflectivity spectrum of the DBR 
mirrors of our device is flat in the operating wavelength range of the laser, the derivative is 
zero and does not contribute. For the response of the ring resonator we implicitly assume 
that the lasing mode is perfectly aligned in the middle of the ring resonator transmission 
where the first derivative is zero. Furthermore, we do not know with certainty how the 
lasing mode is aligned with respect to the ring transmission. We have however calculated 
that this term can be at most 1.5 in the case the lasing mode is aligned to the steepest 
section of the ring transmission which has negligible contribution to the linewidth. In Table 
2 we summarize the parameters used for the theoretical calculation of the linewidth. The 
α-factor of 3 is common for quantum-well active material and a spontaneous emission 
factor 𝑛𝑠𝑝 of 2 for InP-based gain material. We furthermore assume 4 dB facet to fibre 

coupling loss which is used to calculate the output power of the lasers. 
The measured Lorentzian linewidth and theoretical calculations in Fig. 6(a) are in 

reasonable agreement given the approximations used in the formulas such as a current 
density independent α-factor and spontaneous emission factor 𝑛𝑠𝑝, and values for 

reflectivities and losses that could not be measured precisely. The predictions for the lowest 
output power levels differ from the measured values by a factor below two. This 
discrepancy is attributed to the relative error in the measured linewidth increases for higher 
linewidths.  

By first comparing the lowest linewidth of the two lasers with equally long SOA sections 
(500 μm for L2-orange and L3-yellow) we find as expected that indeed the laser with the 
higher reflectivity mirrors exhibits lower linewidth. Here we should note however that by 
changing the reflectivities of the mirrors, not only the mirror loss 𝑎𝑚 changes but also C in 
Eq. (8) which takes into account the imbalance between the two mirrors and alters the 
linewidth. More specifically for reflectivity values corresponding to 400 and 500 μm long 
DBRs, C decreases by about 10% compared to 300 and 400 μm. Nevertheless, the linewidth 
is lower as expected for higher reflectivity mirrors. Furthermore, we compare the minimum 
linewidth of the laser with 750 μm long SOA and 300 and 400 μm long DBRs (L1-blue) with 
the laser with 500 μm long SOA and equally long DBRs (L3-yellow). We find that the laser 
with the longer SOA exhibits a lower linewidth. This seems counterintuitive since the SOA is 
longer and therefore internal optical loss is higher as well. However, the distributed mirror 
loss 𝑎𝑚 defined in Eq. (9) is decreased thus resulting in lower linewidth. Finally, we compare 
the minimum linewidth of the same laser with 750 μm long SOA (L1-blue) to the laser with 
500 μm long SOA and 400 and 500 μm DBRs (L2-orange). The minimum linewidth for the 
laser with 750 μm long SOA is lower. The same mechanism regarding the distributed mirror 
losses as for the previous comparison still holds. Now however, higher reflectivity mirrors 
are also incorporated which should decrease the linewidth. Nevertheless the minimum 
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linewidth of the laser with 500 μm SOA is not lower as one might expect. This is ultimately 
a result of an interplay between the distributed mirror loss 𝑎𝑚 defined by the reflectivities 
and SOA length and the factor C. Finally, it should also be noted that the change of the α-
factor is not taken into account even though it is a current density dependent term and the 
minimum linewidth of the lasers are obtained at different current densities. 

The linewidth floor in the measured data is not expected to be predicted by the theory 
since the physical process that cause it are not included. The equation predicts a continuous 
decrease of the linewidth with increasing power. A closer look at the blue curve and markers 
in Fig. 6(a) suggests that the effect causing the linewidth floor start to appear already before 
the minimum linewidth of 63 kHz occurs, between ~2 - 3 mW. In Fig. 6(a) the linewidth 
increase for the laser with 500 μm long SOA and 400 and 500 μm long DBR grating appears 

Figure 6 (a) Measured (circular markers) and theoretically calculated (solid lines) Lorentzian 
linewidths of the three lasers as a function output power. (b) The calculated effective length (solid 
lines) for different power coupling coefficients of the ring resonator. (c) The corresponding 
calculated linewidth. The blue circle indicates the calculations with the current parameters of the 
laser, the red circle for using a 0.15 coupling coefficient with an MMI and the green square are 
calculations for using a directional coupler instead of an MMI. The purple square indicated the 
calculations for using a directional coupler and reducing the losses from 3 dB/cm to 0.4 dB/cm. 
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to be more drastic compared to the other lasers. The LI curve of this laser yields a smaller 
slope efficiency and lower output power due to the longer gratings. Due to the smaller slope 
efficiency the optical power and therefore the points in Fig. 6(a) appear to be more closely 
spaced to each other compared to the measured points of the other lasers. This is also 
evident from Fig. 5(b) where the linewidth is plotted as a function of the inverse normalised 
output power. 

In Fig. 6(b) and 6(c) we present the estimated effective length of the ring filter 𝐿𝑒𝑓𝑓  and 

the corresponding theoretical calculation of the Lorentzian linewidth of the laser 
respectively. Given the power coupling ratio of the MMIs in the ring filter (50%) and the 
calculated round trip transmission coefficient (0.67), the current laser is roughly positioned 
where the blue circles are placed in the two plots. 𝐿𝑒𝑓𝑓  is about 0.85 mm and the predicted 

linewidth 53 kHz. This effective length is only 0.2 mm larger than the physical length of the 
ring resonator. Therefore the contribution of the ring resonator to the linewidth reduction 
is not very large. A linewidth improvement of a factor of almost 2 should be possible by 
replacing the 50-50 MMI with an 85-15 MMI (red circles) thereby reducing the power 
coupling coefficient to 0.15 from 0.5. The increase of effective length in this case is slightly 
over 1.8 mm. 

A more significant improvement of the linewidth is possible through the increase of the 
ring resonator’s Q by avoiding the excess losses of the MMI couplers. These are the 
dominant losses in the ring resonator. In principle directional couplers can be used in the 
ridge waveguide technology instead of MMIs. These can be tailored for an optimal power 
coupling coefficient to the ring resonator and avoid the insertion losses of the MMIs. This 
solution is relatively straightforward, it is used routinely in other material technologies such 
as silicon or silicon nitride [13-15, 23]. Even though in this case the power coupling is more 
challenging to control, it can be realized with good critical dimension control as shown in 
[30]. By eliminating the MMI insertion losses with the use of a directional coupler and 
choosing a power coupling coefficient of 0.05 an improvement of the linewidth by an order 
of magnitude (green squares in Fig. 6(b) and 6(c)), down to several kHz is possible. For these 
calculations we have not assumed any reduction of the passive waveguide propagation 
losses which we have kept to 3 dB/cm. Even further reduction in linewidth is possible in 
case waveguides with lower propagation loss are used, such as the ones demonstrated in 
[31]. The demonstrated propagation loss was reduced down to 0.4 dB/cm. This was 
achieved in a process which in principle is compatible with the same InP active-passive 
integration technology used for the fabrication of our lasers. Nevertheless, there are 
practical challenges such as the control of the doping concentration profile, the activation 
of the dopant and subsequent annealing steps that might lead to further diffusion of the 
dopant. Assuming that these challenges can be overcome, the reduced propagation loss, 
the use of a directional couplers and a power coupling coefficient of 0.05 for the ring 
resonator monolithically integrated lasers with ~kHz level linewidth should be achievable. 
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2.6 Conclusions 

In conclusion, we have presented experimental results of the output optical spectra and 
frequency noise on DBR lasers with an intra-cavity ring resonator. A very high SMSR 
between 60 dB to 70 dB for the whole SOA current range and minimum intrinsic linewidth 
of 63 kHz are reported. Our results are in good agreement with theoretical calculations for 
the intrinsic linewidth and our steady state spectral model. The effective length of the ring 
resonator is estimated to be longer by 30% than the physical path length of the ring for the 
given coupling coefficient of the MMIs and their insertion losses. To improve the linewidth 
performance of DBR lasers, a further increase of the effective length of the ring filter is 
required. The power coupling coefficient to the ring needs to be reduced and the round trip 
losses in the ring need to be decreased. Our theoretical calculations indicate that by 
replacing the 2x1 50-50 MMIs that were used, with 85-15 MMIs which are available in the 
standardized library of components in the integration technology we are using and thereby 
reducing the power coupling to 0.15, the linewidth is expected to be reduced by a factor of 
two. A more significant improvement of the linewidth should be possible by the use of 
directional couplers in order to avoid the excess insertion loss of the MMIs. We estimate 
that for the current propagation loss of 3 dB/cm, by using directional couplers and 0.05 
power coupling to the ring resonator, a linewidth of several kHz should be achievable. 
Further improvements in the linewidth require reduction of the propagation losses and it is 
estimated that ~kHz level requires reduction of propagation losses down to ~0.4 dB/cm. 
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CHAPTER 3 

Frequency stabilization of an InP-based 

integrated diode laser deploying electro-optic 

tuning  

Abstract - We present the frequency stabilization of a monolithically 
integrated extended cavity single mode InP diode laser using the Pound-
Drever-Hall (PDH) frequency locking technique. The laser is a multi-section 
distributed Bragg reflector (DBR) laser with an intra-cavity ring resonator, 
fabricated using an InP active-passive integration technology. The laser is 
locked to a 700 kHz wide resonance of a Fabry-Perot etalon. The single 
electrical feedback is applied on the reverse biased rear DBR section of the 
laser, used to tune the lasing mode. This is the first time to our knowledge 
that the feedback is applied on a reverse biased, voltage controlled section of 
an integrated laser cavity. In our implementation the tuning is based on 
electro-optic effects avoiding significant thermal effects in the tuning 
element. We demonstrate a linewidth reduction down to 5 kHz and frequency 
noise suppression of about 30 dB at 10 Hz offset frequency. The bandwidth 
of the control loop is about 500 kHz, limited by the phase delay of 
components in our loop. 
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3.1 Introduction 

Lasers with good short- and long-term stability are essential in high-resolution sensing, 
spectroscopy and metrology. The stability of free-running lasers is greatly compromised by 
environmental disturbances such as temperature and pressure fluctuations, vibrations and 
flicker noise from electronics. Often, depending on the application, their intrinsic linewidth 
[1] is not sufficiently low either. In this case stabilization schemes are required to 
dramatically improve the stability of free-running lasers. Such schemes may deploy 
electrical or optical feedback, feedforward techniques or even combinations of these. 

The most powerful and widely used technique is the PDH frequency locking [2]. In PDH 
locking, the laser is usually locked to the resonance of a high-finesse optical cavity acting as 
an absolute reference. If the electrical feedback loop has sufficient bandwidth and correct 
gain it can not only correct for frequency drifts but also reduce the linewidth of a laser by 
suppressing the phase noise resulting from both technical noise and amplified spontaneous 
emission (ASE) within this bandwidth. The feedback is usually applied on the semiconductor 
optical amplifier (SOA) section [3] of the laser or current injection phase sections in the 
cavity [4]. 

The combination of current-induced thermo-optic tuning in the millisecond time scale 
and the carrier density variation (plasma effect) in the nanosecond scale causes a non-flat 
laser tuning phase response, typically above 100-200 kHz [5, 6]. The two effects also result 
in opposite frequency shifts with increasing current. All of the above many times lead to the 
use of two feedback loops at different frequency ranges or the design of special feedback 
loops as proposed in [3] to circumvent the non-flat laser tuning phase response. Further 
issues, which however are not investigated here, can arise when feedback is applied in the 
form of current-injection such as excess intensity noise which may limit the frequency noise 
suppression [3, 5]. Additionally, the laser tuning response is dependent on the SOA current. 
This means that if the SOA current significantly changes over time due to a large drift, the 
feedback loop may no longer be optimized for the new conditions [5]. Finally, depending on 
the use of the stabilized laser, one may want to avoid additional intensity noise. For example 
as explained in [7] where an extended cavity diode laser in Littman configuration is used, 
the feedback is preferably applied on an intra-cavity lithium niobate modulator instead of 
the SOA. 

In this work, we investigate and demonstrate the stabilization of an InP-based diode 
laser using PDH locking by applying the electrical feedback on the reverse biased DBR 
section of the laser to tune the lasing mode. The reverse bias tuning implementation is 
based on electro-optic effects and avoids significant thermal effects contrary to feedback 
with current injection. The bandwidth of the tuning mechanisms does not limit the control 
loop bandwidth in our case since the response time is on the nanosecond timescale [8]. In 
section 3.2 the laser cavity is described and the implementation of the PDH locking to a 
highly-stable Fabry-Perot cavity are given. In section 3.3 the stabilization is presented. 
 

3.2 Implementation of the PDH locking with an InP-based laser 
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A schematic and an image of the InP-based laser fabricated in the framework of a multi-
project wafer run using an active-passive integration technology [8] is shown in Fig. 1(a) and 
(b) respectively. It is a multi-section DBR laser with an intra-cavity ring resonator [9]. The 
SOA is 500 μm long and the front and rear DBRs are 300 μm and 400 μm long respectively 
with coupling coefficient of 50 cm-1. The ring resonator has an 80 μm radius and power 
coupling is implemented using 50:50 2x1 multimode interference couplers (MMI). 

The DBR sections have the same cross-section (disregarding the local differences in the 
grating layer for the weak effective index modulation) as the electro-refractive phase 
modulators in the same technology. They can be used in reverse or forward bias to change 
the effective index. The propagating mode is guided in a film of the bulk quaternary material 
with bandgap at 1.25 μm [6]. Typically reverse bias voltages up to 10 V are applied. As we 
have shown in [10], the reverse bias tuning does not cause significant losses. Additional 
losses (<2 dB/cm) are expected only at voltages from -5 to -10 V and slight reduction (0.5 
dB/cm) of losses from 0 to -5 V. Therefore maximum additional losses may be roughly 0.08 
dB (0.04 cm x 2 dB/cm). These losses are significantly lower than the total intra-cavity loss 
which is estimated to be 4-5 dB. The laser threshold current is not expected to vary 
significantly. In reverse bias, the change of the effective index of the guided mode results 
from primarily electro-optic-effects [10, 11], the Pockels and Kerr effects. Weaker carrier 
effects are also present, free-carrier plasma and band-filling effects. These are typically an 
order of magnitude smaller compared to field effects due to low doping levels. Since the 
current levels flowing through the PIN junction in reverse bias operation are in the order of 
some µA, thermo-optic tuning is expected to be negligible [12]. This is in contrast with the 
electric feedback applied on current injection phase sections and/or the laser SOA. In both 
cases the thermal dissipation is significant. Additionally the thermal tuning has the opposite 
sign compared to carrier injection tuning therefore two different control signals are typically 
used. 

The integrated laser was fabricated by Smart Photonics [8]1. The chip is mounted on an 
aluminum sub-mount and kept at 18°C. Electrical signals are applied using wire-bonds from 
a printed circuit board to the on-chip bond-pads. The SOA is driven at ~60 mA using a low-
noise battery based laser diode controller (ILX LDX-3620B). Light from the laser is coupled 

                                                           
1 The chip was fabricated in the framework of Smart Photonics multi-project wafer run SP21. 

Fig. 1.  (a) Schematic and (b) image of the integrated InP-based DBR laser with an intra-
cavity ring resonator. SOA: semiconductor optical amplifier, DBR: distributed Bragg 
reflector, MMI: multimode interference coupler. 

(a) (b) 
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out of the chip using a single-mode lensed fibre. The output waveguides are angled with 
respect to the chip facet which is coated in order to avoid back-reflections into the laser 
cavity. A schematic of the experimental setup used is depicted in Fig. 2. The laser output is 
phase modulated at 60 MHz using a lithium niobate modulator. The modulated light is fed 
to the Fabry-Perot cavity through a circulator. The cavity has a full-width at half-maximum 
(FWHM) of ~700 kHz (StableLasers). Its finesse is 4.5·103 and it is made out of ultra-low 
expansion material. The signal which is reflected from the cavity is directed to a low-noise 
photodetector (PD, Femto OE-300-IN-01) with a variable transimpedance gain 
(transimpedance gain: 104 V/A, bandwidth: 80 MHz). It is down-converted to base-band 
and fed to the analogue PID controller with two outputs, high- and low-bandwidth. The 60 
MHz oscillator, mixer, phase shifter and analogue PID controller are commercial locking 
electronics from Toptica (PDD110, FALC110).  

Between the PID controller and the integrated laser we place an opto-coupler to 
electrically isolate the laser and avoid ground loops which leads to spurious signals. The 
opto-coupler is realized using a visible light emitting diode (LED) and a battery-biased large 
area PD. A potentiometer with maximum resistance value of 1 kΩ is connected in series 
with the large-area PD and the voltage drop across the potentiometer is the output voltage 
of the opto-coupler. We estimate that for the maximum resistance value of the 
potentiometer the lowest bandwidth is 0.5 MHz. The PID controller has two outputs, a slow 
output with cut-off frequency of 10 kHz  and a fast output with a two stage integrator (cut-
off frequencies: 14 kHz and 370 kHz) and a differentiator (cut-off frequency: 420 kHz). The 
two outputs are summed with a DC voltage using a summing amplifier (Stanford Research 
SIM980) with 1 MHz bandwidth. The summing amplifier output biases the LED of the opto-
coupler. The output voltage of the opto-coupler is then applied to the rear DBR section of 
the laser. 

We split the light with a fibre-based splitter and we use 10% of the laser output power 
to measure its linewidth and frequency noise while the remaining signal is used for the 
locking. The linewidth is measured using the delayed self-heterodyne (DSH) [13] method 

Fig. 2. Schematic of the Pound-Drever-Hall frequency locking used for the diode laser 
stabilization.  
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with a delay line of 25 km and an electrical spectrum analyser (ESA – Anritsu MS2830A). The 
frequency noise is measured using a frequency noise measurement instrument from 
OEwaves (OE4000). For both measurements, we amplify the optical signal using a low-noise 
figure (4 dB) erbium doped fibre amplifier (EDFA - Keopsys CEFA-C-HG-SM-50-B130) in order 
to have sufficient optical power (>5 dBm). At the output of the EDFA a narrow-band 
bandpass filter (0.5 nm) is placed to filter out the ASE. 

3.3 Locking measurements 

The open loop error signal as measured at the output of the PID controller is shown in 
Fig. 3(a) (blue trace) as a function of the detuning frequency of the laser from the resonance 
transmission maximum. The resulting slope of the error signal around zero frequency offset 
is 190 μV/kHz. The sensitivity of the laser frequency control can be determined from the 
same trace in Fig. 3(a). The zero-crossing points left and right are 60 MHz away from the 
centre. Using this information the sensitivity of the laser frequency control is determined to 
be 320 kHz/mV. Therefore given the 10 V biasing range, the frequency control range is about 
3.2 GHz.  The small ripples which are visible in the error signal correspond to the 50 Hz 
frequency from the equipment power supply. The transmission (red) through the FP cavity 
is shown in Fig. 3(b). The two smaller peaks correspond to the phase modulation side-bands 
at 60 MHz. 

In Fig. 4(a) the linewidth of both free-running (blue line) and locked laser (orange line) 
were recorded using an ESA with a resolution bandwidth of 10 kHz and video bandwidth of 
1 kHz using the DSH method. The linewidth of the laser is reduced and the peak power 
density increased. The free-running laser exhibits a Gaussian linewidth, dominated by 
technical noise. The lineshape of the locked laser shows sub-structure. The peaks that 
appear at about 800 kHz offset are due to the bandwidth limitation of our feedback loop. 
At higher frequency offsets the lineshape tails follow the lineshape of the free-running laser. 

Fig. 3. (a) The error (blue) and (b) transmission (red) signal through the Fabry-Perot 
etalon versus the offset frequency from a resonance of the cavity. 

(a) 

(b) 
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In Fig. 4(b) the electrical spectra are shown with resolution BW of 1 kHz and video BW of 
100 Hz. For this span the lineshape is Lorentzian. A single sweep of the ESA recording the 
linewidth is presented in light orange and an average of twenty sweeps with darker orange. 
The FWHM of the locked laser is 5 kHz. This is a factor of more than 100 lower that the 
reference cavity resonance FWHM. The free-running laser (blue line) shows a linewidth of 
about 300 kHz. Therefore the locking system reduces the linewidth by a factor of about 60. 

In Fig. 5 the power spectral density (PSD) of the free-running (blue line) and frequency-
locked laser (orange line) frequency noise is presented. The free-running laser frequency 
noise exhibits 1/𝑓𝛼 noise, where 0 < 𝛼 < 2, with varying slope from 10 Hz to about 1 MHz. 
Multiple spurious peaks are present with the most prominent line at 50 Hz and its 
harmonics. Additionally a strong peak at ~0.9 kHz is observed. The origin of these peaks is 
possibly electrical pick-up signals and/or mechanical vibrations of the fibre tip used for 
coupling light out of the chip. 

By comparing the frequency noise for the free-running and locked lasers we observe 
noise suppression by the control loop of almost 30 dB for the lowest frequencies. The gain 

Fig. 4 Electrical spectra from the delayed self-heterodyne setup with 25 km delay line 
with (a) 10 MHz and (b) 1 MHz span.  The linewidth is reduced from ~300 kHz for the 
free-running laser to about 5 kHz. 

(a) 

(b) 
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reduces gradually until it reaches unity at 500 kHz. In the whole range multiple spurious 
signals are present. The origin of these spurious signals is not known at the moment.  The 
wide peak which is located at ~800 kHz is a result of the phase lag of our feedback loop and 
corresponds to the same peaks exhibited in the DSH measurements (Fig. 4). At these 
frequencies the feedback is no longer effective due to the phase lag caused by both the 
round-trip time delay and the frequency dependent phase delay from components included 
in the loop. As discussed in section 3.2, the opto-coupler bandwidth is expected to be about 
~0.5 MHz therefore being the limiting factor for the loop bandwidth. 

3.4 Discussion 

In Fig. 5 the β-separation line expressed by 𝛽𝑠𝑒𝑝 (𝑓) = 8 𝑙𝑛 (2)𝑓/𝜋2 [14] is plotted 

which offers a straightforward link between the frequency noise spectrum and linewidth. 
The part of the frequency noise that contributes to the linewidth as measured with the DSH 
method is the part for which 𝑆𝑣(𝑓) > 𝛽𝑠𝑒𝑝(𝑓), where S_v (f) is the laser frequency noise 

spectrum. The expression for the laser FWHM is 𝛥𝜈 = (8 ∙ 𝑙 𝑛(2) ∙ 𝐴)0.5  [10] where A is the 
surface area where 𝑆𝑣(𝑓) > 𝛽𝑠𝑒𝑝(𝑓). This can be calculated from the measured 𝑆𝑣(𝑓) and 

it depends on the observation time – the frequency range over which 𝑆𝑣(𝑓) is integrated. 
From Fig. 5, we find that for the free-running laser, frequency noise below 100 kHz 

contributes to the linewidth while for the locked laser this frequency decreases to about 10 
kHz. Since our control loop bandwidth is about 500 kHz, which is greater than 100 kHz, to 
further reduce the linewidth we do not need a control loop with higher bandwidth. Further 
linewidth reduction requires higher gain at frequencies below 10 kHz. An integrator with 
higher gain at these low frequencies could be deployed to achieve this. 

Fig. 5. Frequency noise power spectral density for the free-running and locked laser. The 
frequency noise at low frequencies is suppressed by about 30 dB and the control loop 
bandwidth is about 500 kHz.  



Chapter 3 

48 
 

To check the consistency of our DSH measurements with the frequency noise 
measurements we numerically integrate the surface for which  𝑆𝑣(𝑓) > 𝛽𝑠𝑒𝑝(𝑓). The 25 km 

delay used in our DSH setup corresponds to a delay/observation time of approximately 120 
μs. For the free-running laser we integrated the frequency noise spectrum from 8 kHz to 
100 kHz resulting in a linewidth of 280 kHz. For the locked laser the noise spectrum was 
integrated from 8 kHz to 10 kHz resulting in an 8 kHz linewidth. These numbers are 
reasonably close to our observations from the electrical spectra (Fig. 3). The spurious peaks 
in the frequency noise spectrum slightly contribute to the overestimation of the linewidth 
calculated for the locked laser. 

According to our calculations the stabilization system is not limited by the signal-to-
noise ratio (SNR) at the PD. Further suppression of the noise by at least an order of 
magnitude should be possible based only on the SNR at the PD. We attribute the current 
gain limitations of our stabilization system to the spurious peaks in the frequency noise 
spectrum. 

3.5 Practical issues and considerations 

3.5.1 Electromagnetic interference 

While building the PDH stabilization setup for the integrated laser several problems 
related to electromagnetic interference (EMI) and pick-up signals arose. Precautions were 
taken to avoid or at least mitigate them. 

By careful inspection of the output optical spectra of the laser, sidebands at a distance 
of about 90 MHz from the lasing mode are visible. These can reach even -20 dB below the 
main mode. Equivalently, the same information was observed from the electrical spectra 
from the delayed self-heterodyne measurements. These sidebands indicate significant 
modulation of the laser output. The signals which cause this modulation are transmitted 
from local radio stations (VHF FM-band) and picked up by the cabling used to distribute the 
electrical signals to the laser. For comparison the optical spectra were also recorded in an 
electromagnetically shielded lab (Propagation and system integration laboratory of 
Integrated Circuits group, TU Eindhoven) and the sidebands were not present as expected. 
This laboratory is used for validation experiments from 1 MHz up to 1 THz. A number of 
configurations for grounding the cable screening (e.g. grounding both sides and a single side 
of the cable screening) were attempted without being able to entirely suppress the EMI. 

The InP chip was glued on an aluminum base using conductive epoxy. The aluminum 
base was in turn placed on top of a metallic translation stage on the optical table. The optical 
table was electrically connected to the laboratory ground which we will call ‘real ground’. If 
no special care is taken, the n-side of the chip is also grounded to the ‘real ground’ through 
the aluminum base and the translation stage. This arrangement resulted in picking up a lot 
of technical noise which disturbed laser stabilization and linewidth reduction. This is 
attributed to the creation of one or more ground loops created by two ground connections 
at two different points in a circuit. To avoid the connection between the n-side of the chip 
and the ‘real ground’ the translation stage carrying the aluminum based was fixed on the 
optical table using plastic screws and plastic washers in-between. Nevertheless, some signal 
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pick-up could be present due to parasitic capacitance between the optical table metallic 
surface and translation stage. 

3.5.2 Opto-coupler and phase delay analysis 

Initially the PID controller output was directly connected to the rear DBR section of the 
laser. In this case the return path of the coaxial cable which is connected to the ‘real ground’ 
(due to the electronics configuration) immediately grounded the n-side of the chip and 
caused the same issues which were discussed above. To isolate the stabilization electronics 
from the laser and thus to avoid connecting the ground signals, we use an opto-coupler 
between the PID output and laser. The power of the circuit from the laser is provided by a 
battery. The battery is an isolated power source which additionally has low intrinsic noise. 

A schematic of the configuration with the summing amplifier (Stanford Research 
SIM980), its input signals and the opto-coupler (dashed box) is presented in Fig. 6. A DC 
voltage source is summed with the slow and fast outputs of the PID controller (Toptica 
FALC110). The LED (Luxeon Star SP12, red LED) at the output of the summing amplifier is 
biased by the sum of the three input voltages and shines on a battery-powered 
photodetector (Thorlabs FDS1010). A potentiometer is connected in series to the 
photodetector set at 850 Ω. The output voltage of the opto-coupler which biases the rear 
DBR grating of the laser is the voltage drop across the potentiometer. 

The DC voltage source supplies 4 V to one of the summing amplifier inputs. This voltage 
is higher than the LED turn-on voltage (~2.5 V). The LED is operated well-above its turn-on 
voltage therefore the output signal of the opto-coupler is not clipped and it is linear for PID 
output voltage range of about ±1.5 V. If the PID controller output exceeds this range, the 
biasing voltage of the LED either drops below its turn-on voltage or the LED output power 
starts saturating.  

Figure 6. Schematic of the circuitry of the summing amplifier and the opto-coupler used 
between the PID controller output and the DBR section of the laser. The output voltage 
𝑉𝑜𝑢𝑡 is directed to the rear DBR of the laser. 
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Furthermore we estimate the phase delay caused by time delay in the fibre components 
and coaxial cables used in the control loop. We estimate about 10 m of fibre (polarization 
controller, phase modulator, circulator, FP cavity) corresponding to 50 ns time delay 
(𝑛𝑒𝑓𝑓 = 1.45), 2 m of coaxial cable corresponding to 10 ns and another 37 ns from the 

locking electronics (specified by the manufacturer). The total time delay is therefore 97 ns. 
The frequency for which the 97 ns time delay causes 45° phase delay is 1.28 MHz. This 
should be the bandwidth of the control loop and it is significantly higher compared to the 
one deduced from the frequency noise in Fig. 5. We attributed the additional phase delay 
to the bandwidth limitation of the photo-detector in the opto-coupler. Despite this 
reduction in bandwidth, as shown in section 3.4, this bandwidth is still enough to effectively 
reduce the laser linewidth. 

3.6 Conclusions 

We demonstrate the PDH locking of a monolithically integrated extended cavity single 
frequency laser using a single feedback loop utilizing electro-optic effects. The electrical 
feedback is applied on the reverse biased rear DBR section of the laser yielding a frequency 
control range of about 3.2 GHz. The electro-optic effects deployed for the electrical 
feedback due to the reverse bias operation all have identical signs and avoid significant heat 
dissipation. This tuning mechanism avoids non-flat laser tuning phase response and enable 
the utilization of a single feedback loop without special design compared to feedback using 
current injection on phase sections or SOAs. The control loop bandwidth is 500 kHz limited 
by the bandwidth of the opto-coupler used. We measure linewidth reduction of a factor of 
60 compared to the free-running laser and about a factor of 140 of the etalon FWHM. The 
frequency noise measurements show that the control bandwidth is sufficient to suppress 
high-frequency noise components in order not to contribute to the linewidth. Further 
linewidth reduction requires higher gain in the lower frequencies. This method is promising 
for overcoming other shortcomings of current injection feedback such as intensity noise as 
well. 
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CHAPTER 4 

Electro-optic tuning of a monolithically integrated 

widely tuneable InP laser with free-running and 

stabilized operation 

Abstract - We report on the free-running and frequency stabilized 
operation of a ring resonator tuned full-band tuneable laser. The laser is a 
monolithically integrated semiconductor ring laser tuneable over 34 nm, from 
1522 nm to 1556 nm, fabricated using a commercially-available, InP-based, 
active-passive foundry technology. The mode selection is implemented using 
the Vernier effect by reverse-biasing voltage-controlled, electro-optically 
tuned ring resonators. The laser exhibits a typical intrinsic linewidth of 110 
kHz over the C-band and a side-mode suppression ratio (SMSR) exceeding 50 
dB. The linewidth over the tuning range does not significantly vary, showing 
that the tuning mechanism does not cause linewidth broadening. The power 
dissipated in the tuning elements is 1.4 mW per ring. Using the same reverse 
bias voltage-controlled electro-optic tuning, we also demonstrate the locking 
of the laser to a high-finesse etalon using Pound-Drever-Hall frequency 
locking. Our implementation requires a single control loop because all 
deployed tuning effects in the phase modulators have the same sign 
therefore resulting in a flatter frequency dependent phase response. The 
control loop has a bandwidth of 500 kHz and a control range of 2.9 GHz. We 
report 1 kHz level linewidth for millisecond observation times for the 
stabilized laser. 
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4.1 Introduction 

Widely tuneable laser sources with narrow linewidths play a key role in high-speed 
communications [1], sensing [2], spectroscopy [3], quantum optics [4] and light detection 
and raging applications [5]. For example, in coherent optical communication systems [6], a 
16 quadrature amplitude modulation (QAM) at 40 Gb/s a linewidth of 120 kHz is required 
while upscaling to 64 QAM yields 100 times more stringent requirements on the laser 
linewidth [7]. 

Active stabilization schemes have been proposed to dramatically improve the linewidth 
and frequency noise properties of free-running lasers. This approach is more common in 
spectroscopy and sensing applications [3, 8]. The most widely used and powerful technique 
is the Pound-Drever-Hall (PDH) frequency locking [9]. In this technique a laser is locked to 
an external optical cavity by using negative electrical feedback. In the case of diode lasers, 
two control signals are typically used; one on the semiconductor optical amplifier (SOA) and 
an external acousto-optic modulator. In [10] an approach which allows the implementation 
of PDH locking using a single control loop, limited only by the loop delay is demonstrated. 
This approach deploys a bulk lithium niobate single side-band modulator with bandwidth 
up to 5 MHz. 

The most common choice for a stabilized diode laser is an extended cavity diode laser 
(ECDL); e.g. Littman-Metcalf [11] and Littrow configuration [12] due to its low natural 
linewidth. A naturally low linewidth greatly relaxes the specifications on the gain and 
bandwidth of the control loop in order to reach ~Hz and sub-Hz level linewidths [13, 14]. At 
the same time ECDLs offer another frequency control input to the laser, a piezo-electric 
transducer controlling the cavity length which is often used for the low bandwidth feedback 
loop. 

Much effort has been put in recent years towards reducing the linewidth of chip-based 
integrated lasers from several MHz to the 100 kHz range and below. Different integration 
strategies have been followed to achieve this goal. In [15-18] for example, monolithically 
integrated tuneable distributed Bragg reflector (DBR) lasers with 50 – 100 kHz intrinsic 
linewidth were demonstrated. The mirrors were thermally tuned sampled and super-mode 
DBR gratings. Tuneable lasers based on current injection tuning have also been reported 
[19] in the past. However, due to the known linewidth broadening mechanism of the current 
injection [20] such DBRs are not suited for applications which require very low linewidths. 
Lasers with even lower intrinsic linewidths have been demonstrated using heterogeneous 
and hybrid integration of InP with silicon (bonded) and silicon nitride (butt-coupled). In [21-
24], lasers with intrinsic linewidth from tens of kHz down to sub-kHz have been reported. 
The reduction of linewidth in these examples is achieved through high quality factor 
resonators realized with very low loss waveguides. These lasers also deploy thermal tuning 
since silicon based electro-optic phase modulators typically deploy mainly carrier effects 
which are not compatible with low loss waveguides and low linewidth lasers. Phase 
modulators in SiN technology are typically realized by using resistive heaters on top of a 
passive waveguide. 
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The phase modulator tuning mechanism that is used in this work is based on a reverse 
biased PIN structure in the waveguide. It differs from the usual electronic current injection-
based or thermal heating in the work cited in the previous paragraph. As discussed in [25] 
where the same integration technology [26] is used for a different laser cavity [27], this 
approach avoids significant on-chip heat dissipation. In [25] it is shown that reverse biasing 
the phase sections results in values for the heat dissipation < 100 μW at 8 V bias. This is a 
significantly lower power level than that required for thermal tuning mechanisms for a filter, 
e.g. DBR section, which typically need several 10s of mW [5-6, 23]. The origin of the heat 
dissipation in the phase modulators used here is the reverse bias current due to the carrier 
depletion in the intrinsic region which increases at higher voltages. This tuning mechanism 
can also enable faster tuning compared to thermal tuning due to the weaker slow transient 
thermal effects which are involved. Furthermore, contrary to current injection tuning no 
significant propagation losses due to free-carrier absorption takes place. As shown in [28], 
low additional propagation losses occur only at high voltages due to electro-absorption. In 
fact, at low voltages (<5 V) losses are even slightly reduced due to free-carriers depletion. 

In this work, we demonstrate an InP monolithically integrated unidirectional single 
mode ring laser. The laser deploys the Vernier effect from two periodical spectral filters for 
its single-mode operation and it is tuned using voltage controlled electro-optic effects. We 
present tuning and intrinsic linewidth results. The average dissipated power in the tuning 
mechanism is quantified. We also demonstrate the stabilization of the same laser using the 
PDH frequency locking. 

4.2 Unidirectional Vernier ring laser using active-passive integration 

We use the Vernier effect [29] of two ring resonators with slightly different 
circumference to increase the FSR of the filter and to select a single lasing mode within the 
modal gain bandwidth. The enhanced FSR from the Vernier effect is calculated by 

𝛥𝜆𝐹𝑆𝑅,𝑉𝑒𝑟𝑛𝑖𝑒𝑟 =
𝛥𝜆𝐹𝑆𝑅1𝛥𝜆𝐹𝑆𝑅2

𝛥𝜆𝐹𝑆𝑅1−𝛥𝜆𝐹𝑆𝑅2
     (1) 

where 𝛥𝜆𝐹𝑆𝑅1 and 𝛥𝜆𝐹𝑆𝑅2 are the FSR of the individual ring resonators. The FSR of an 
individual ring resonator is given by 𝛥𝜆𝐹𝑆𝑅 = 𝜆2/𝑛𝑔𝐿, where 𝑛𝑔 is the group index, 𝐿 the 

circumference of a single ring and λ the wavelength. Ideally the detuning of the two rings 
should be large enough such that the tuning range is only limited by the modal gain 
bandwidth of the SOA and not the FSR of the Vernier intra-cavity filter. Practically however 
if the full-width at half-maximum (FWHM) of the resonances of the rings is not narrow 
enough, a smaller detuning of the rings could lead to degraded SMSR because the 
neighbouring cavity modes are not adequately suppressed.  

The laser was designed using the standardized component library of a commercially 
available active-passive InP-based integration technology [30] by Smart Photonics [26]. A 
schematic of the laser is presented in Fig. 1(a). The ring cavity includes a 1 mm long SOA 
with InGaAsP multi-quantum-well based material. The SOA is based on a shallow etched 
ridge waveguide. The radii of the two rings were chosen to be 120 μm and 123 μm. The 
resulting difference in path length is 18.85 μm. The two ring resonators are implemented 
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using 2x1 multimode interference (MMI) couplers with 50% splitting ratio. The total 
circumference of one ring resonator, including the length of the MMIs, is 1.400 mm and the 
second is 18.85 μm longer. This configuration yields a Vernier FSR of about 35 nm as can be 
seen from the transmission spectra of the two rings in Fig. 1(b). This FSR ensures that the 
laser tuning range is larger than 30 nm therefore covering the span of a single band and 
does not compromise single mode operation. A 0.4 mm long electro-optic phase modulator 
section is also included in the laser cavity to facilitate independent tuning the cavity modes. 
The phase section can be used to keep the lasing mode aligned with the transmission 
maximum of the two ring filters to prevent mode-hopping of the laser 

Fig. 1. (a) Schematic of the tuneable ring laser with the two electro-optically tuned ring resonators 
and phase section and broadband reflector to enforce unidirectionality, (b) Vernier effect of the 
two ring resonators with total 35 nm FSR, (c) Vernier effect of the two rings (orange) and cavity 
modes (blue), (d) Combined effect of two rings and cavity modes resulting in single mode selection. 

(a) 

(b) 

(d) 

(c) 
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The two ring resonators and the phase section can be tuned by applying a reverse bias 
voltage. They are all deeply etched ridge waveguides, their cross-section is a vertical PIN 
diode and act as electro-refractive modulators (ERM). The non-intentionally-doped guiding 
layer is bulk InGaAsP quaternary material with bandgap at 1.25 μm. The effective refractive 
index changes are a result of both field (Pockels and Kerr) and carrier (plasma/carrier 
depletion and band-filling) effects. The addition of these effects results in a modulator 
efficiency of about 15°/Vmm (specified by the foundry [26]) for TE polarized light. 

The power out-coupling is implemented by a 2x2 MMI with 85-15 splitting ratio. The 
out-coupling power percentage is 15%. The unidirectional operation of the ring laser is 
ensured by an extra-cavity broadband reflector (Fig. 1(a)) which couples the amplified 
spontaneous emission (ASE) in the anti-clock-wise propagating mode to the clock-wise 
mode. The broadband reflector is a multi-mode interference reflector. The same approach 
has been followed in the tuneable laser reported in [27]. The total length of the cavity is 5.9 
mm corresponding to a cavity mode free-spectral range (FSR) of 13.5 GHz (0.108 nm). 

The transmission spectrum for the two ring filters is calculated and shown in Fig. 1(c) 
(orange) for a narrow wavelength span where also the cavity modes (blue) are presented. 
The spacing of the cavity modes and the ring filter modes is such that a cavity mode falls 
within a ring filter transmission peak every 4 𝑥 𝛥𝜆𝐹𝑆𝑅 . Effectively the cavity modes within 
this 4 𝑥 𝛥𝜆𝐹𝑆𝑅  range are suppressed by the ring filters. The gain difference between the 
lasing mode and the neighbouring cavity mode falling within a ring resonator transmission 
peak (which is 4 𝑥 𝛥𝜆𝐹𝑆𝑅  away) is about 8%. This transmission difference is adequate to 
ensure single mode operation of the laser. The total cavity transmission response, including 
of the two ring resonators and the laser cavity modes, is shown in Fig. 1(d). 

4.3 Laser simulation 

Using the commercial simulation software PicWave (Photon Design), we have 
performed full circuit-level time-domain simulations. The simulations are based on the 
time-domain travelling-wave method in which only the slowly-varying optical field envelope 
is propagated in the spatially discretized laser cavity. The simulations were performed for a 
time span of 100 ns over a wavelength range of 70 nm. The spectra correspond to the laser 
steady-state and any transients have been discarded. 

An example of the normalized output spectrum is shown in Fig. 2(a). Single mode 
behaviour with a SMSR of slightly below 60 dB is predicted by the simulations. The cavity 
mode structure resulting from the two rings and the cavity modes are also visible. The bias 
conditions of the two rings were varied and the simulated, normalized output spectra are 
shown in Fig. 2(b). The model predicts a tuning range of 32 nm with SMSR over 45 dB across 
the tuning range. 

4.4 Laser characterization – Spectral performance and electro-optic 
tuning 
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The laser was fabricated in the framework of a multi-project wafer run by Smart 
Photonics [26]1. A microscope image of the laser is shown in Fig. 3(a). Its footprint is 
2.17 x 0.56 mm2. The laser was characterized at 18 °C using a water-cooler based 

(a) 

(b) 

Fig. 2. (a) Simulated spectrum at 120 mA SOA current with single mode operation at 
1549.5 nm, (b) Simulated spectra tuned around the C-band at 120 mA SOA current. The 
tuning range is predicted to be around 32 nm. 

Fig. 3. (a) Microscope image of the fabricated laser with footprint of  ~2.17 x 0.56 mm2, (b) 
Optical output power in fibre (blue) and voltage (orange) of the SOA as a function of SOA 
injected current at 18 °C. The kinks on the light-current curve are due to laser mode-hopping. 

(a) 

(b) 
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temperature stabilized mount. The waveguide from the laser output is angled with respect 
to the chip facet to suppress back-reflections to the laser cavity. The chip facet was also 
coated with anti-reflection coating to further suppress back-reflections. The laser output 
light was coupled out of the chip using a single-mode lensed fibre as shown in Fig. 3(a). 
Typical coupling losses between the chip facet and the lensed fibre due to the mode 
mismatch are ~4 dB. 

The SOA current is provided by a laser diode controller (Thorlabs LDC8010) and the 
output optical power is monitored by a power sensor (Agilent 81635A). The two ring 
resonators are reversed biased from 0 – 10 V with 0.5 V steps using a source-meter (Keithley 
2602B). The photo-current flowing through the two ring resonators is recorded for the 
different biasing conditions while the laser tuning is performed. The phase section could be 
used as a solution for the laser mode-hopping. The phase section was not used for tuning 
and it was left unbiased. However this is not investigated here. The optical spectra are 
recorded with two optical spectrum analysers (OSA); the first one with a resolution 
bandwidth of 0.05 nm (ANDO AQ6315A) and the second with a high-resolution spectrum 
analyser (APEX 2641B) 5 MHz resolution bandwidth. Two OSAs are used because the 
shortest wavelength of the high-resolution OSA wavelength range is limited to 1528 nm but 
it is more suitable for a more detailed image of the output spectra. 

In Fig. 3(b) the optical output power in fibre as a function of the gain element current in 
the cavity is presented. The kinks in the light-current (LI) curve are due to mode-hopping of 
the laser as it is thermally tuned while the SOA current is being swept. The threshold current 
is about 56 mA, corresponding to a current density of 2.8 kA/cm2. The optical power in fibre 
reaches about 1.8 mW at 200 mA SOA current and at a current density of 10 kA/cm2. The 
series resistance derived from the voltage-current curve is about 7 Ohms. 

                                                           
1 The chip was fabricated in the framework of Smart Photonics multi-project wafer run SP24. 

 

(a) 

Fig. 4. (a) Optical spectra showing a tuning range of 34 nm (res. BW: 0.1 nm) with 120 mA 
SOA current, (b) Single spectrum at 1548.7 nm (recorded with a high resolution optical 
spectrum analyzer (res.bw: 5 MHz) with 59 dB SMSR and the closest side-mode ~1.34 nm 
apart, corresponding to three times the ring FSR. 

(b) 
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In Fig. 4(a) tuning spectra of the laser operated at 120 mA SOA current with resolution 
bandwidth 0.05 nm are presented. The tuning range reaches 34 nm, from 1522 nm to 1556 
nm. In Fig. 4(b) a more detailed image of the output optical spectrum at 1548.6 nm is 
presented with 5 MHz resolution bandwidth. The closest neighbouring mode to the lasing 
mode is three times the ring FSR away which is just visible above the noise floor of the 
instrument. This is in line with the design considerations discussed in section 4.2. The SMSR 
is about 59 dB in this case. The SMSR for spectra over the tuning range recorded with 5 MHz 
is presented in Fig. 5. The SMSR of the spectra exceeds 50 dB across the whole tuning range. 

 In Fig. 6 we present the dissipated tuning power of the two ring resonators as a function 
of the rings’ reverse bias voltage. The dissipated power levels vary over 4 orders of 
magnitude over the 10 V tuning range; from some μW at low voltages to a maximum of ~14 
mW at 10 V bias. This is the maximum voltage applied for obtaining the full tuning range. In 

Fig. 5. The SMSR of the laser as at 

Fig. 5. The SMSR of the laser as at different lasing wavelengths (the spectra were 
recorded with 5 MHz resolution bandwidth). 

Fig. 6. The tuning power for the 

Fig. 6. The tuning power for the two ring resonators starts from 1 μW at low voltages 
and increases to a maximum of ~14 mW for 10 V reverse bias voltage. 
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a realistic scenario where each wavelength within the tuning range would be accessed with 
equal probability, every voltage would also have the same probability of being applied. In 
this case the expectation value for the dissipated power coincides with the mean value. The 
mean tuning power consumption for a single ring over the 10 V range is 1.4 mW. The 
maximum photo-current occurring for -10 V is 1.4 mA. 

4.5 Intrinsic linewidth 

The intrinsic linewidth of the laser was determined by measuring its frequency noise 
power spectral density [31]. For these measurements, the SOA current was provided by a 
low-noise battery power current source (ILX LDX-3620B). The measurements were 
performed with a frequency noise measurement setup from OEwaves (OE4000) capable of 
measuring frequency noise corresponding to linewidth of 10 Hz. The noise floor of the 
instrument is therefore much lower that the measured frequency noise. Before entering 
the frequency noise measurement setup the optical signal was amplified using a low-noise 
figure (4 dB, defined by the manufacturer) erbium-doped fibre amplifier (Keopsys CEFA-C-
HG-SM-50-B130) to obtain sufficient optical power (>5 dBm for the frequency noise 
measurements). The EDFA ASE was filtered using a narrow passband filter with 0.4 nm 
width. 

The single-sided frequency noise of the laser at 1548.6 nm and at 120 mA SOA current 
is presented in Fig. 7. The laser noise exhibits a typical 1/𝑓 behaviour due to technical noise. 
The 1/𝑓 noise slope gradually decreases in the range from 100 Hz to ~300 kHz. The flat-
band (white) frequency noise above 100 kHz is attributed to the ASE of the laser 
determining the laser Lorentzian linewidth. We average the noise level in the range 
indicated by the shaded area in Fig. 7. The frequency noise power spectral density level is 

Fig. 7. Power spectral density of the frequency noise of the laser at 120 mA SOA current 
lasing at 1548.6 nm. The orange area indicates the white part of the frequency noise 
which multiplied by π yields an intrinsic linewidth of 109 kHz. 
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34.7 kHz2/Hz. This value can then be multiplied by π to calculate the laser Lorentzian 
(intrinsic) linewidth. The Lorentzian linewidth is 109 kHz for this wavelength, 1548.6 nm. 

The intrinsic linewidths calculated from the frequency noise measurements at the same 
SOA current (120 mA) at several lasing wavelengths are presented in Fig. 8.  The Lorentzian 
linewidth remains below 110 kHz for all wavelengths up to 1550 nm with a minimum of 
95 kHz. This slightly lower linewidth value could be due to lower α-factor caused by the 
negative wavelength detuning [32, 33]. Only at 1555 nm, at the longer wavelength edge of 
the tuning range the linewidth increases to about 140 kHz. Near the edge of the tuning 
range the SOA operates at higher carrier density due to lower modal gain. This operating 
condition translates to a higher ASE level and therefore higher intrinsic linewidth. 

4.6 Discussion on laser characterization 

As discussed in Section 4.2, voltage-controlled electro-optic tuning is not expected to 
introduce significant thermal effects and subsequent tuning. From Fig. 6, we observe that 
the dissipated tuning power is indeed significantly lower compared to typical thermal 
tuning, at least for the largest part of the voltage range from 0 - 10 V. More specifically, the 
power dissipation rises above 1 mW, only for bias voltages >5 V and it reaches a maximum 
of 10-15 mW only at the above 8-9 V. It is only at this maximum level, that the power starts 
becoming comparable with thermal tuning power. A decrease in the dissipated power 
would require a decrease in the applied reverse bias voltage. Such restriction would 
however compromise the laser tuning range in the current design. Alternatively the 
circumference of the tuneable ring filters could be chosen longer such the same phase shift 
with the current design could be obtained with lower voltages. This modification is in fact 
favourable due to the linear phase shift with respect to voltage and hyper-linear decrease 

Fig. 8. Laser intrinsic linewidth at different wavelengths over the tuning range. 
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of photo-current with decreasing voltage. Nevertheless in this case, the average tuning 
power (1.4 mW) is at least an order of magnitude lower than typical thermal tuning power. 

Furthermore, current injection tuning is well-known for introducing intra-cavity losses 
and significant carrier concentration changes in the cavity leading to increased phase noise. 
All these effects can increase the laser linewidth by almost an order magnitude. In Fig. 8 we 
show that the intrinsic linewidth of our tuneable laser under reverse bias voltage conditions 
ranging from 0 to -10 V does not significantly change. We can therefore conclude that our 
tuning mechanism has a negligible impact on the laser intrinsic linewidth. We attribute this 
behaviour to the following: 

1) The carrier concentration fluctuations caused by the shot-noise due to the reverse 
bias operation of the ERMs are much lower compared to forward bias (current injection) 
tuning. From the Shockley diode equation, the shot-noise is proportional to the derivative 
𝑑𝐼/𝑑𝑉, where I and V are the current and voltage across the diode which describes the 
conductance at a bias point.  This derivative is of course much larger for forward bias 
operation than reverse. Ultimately, the smaller the carrier concentration fluctuations due 
to shot noise, the smaller the variations of the effective index of the guiding mode and 
therefore the lower the frequency noise. 

2) In an ERM which is a PIN diode, carriers are generated by the propagating light due 
to two-photon absorption (more detail in Appendix B). The generated carriers in an 
unbiased diode have typical recombination lifetimes of several hundred picoseconds. In a 
reverse bias configuration the carrier lifetime in the mode volume reduces to a couple of 
tens of picoseconds. This reduction in carrier lifetime leads to a lower carrier concentration. 
Since the generation rate of these carriers remains the same, the carrier concentration 
fluctuations also reduce. 

3) The Schawlow-Townes-Henry theory on laser linewidth states that the linewidth of a 
laser due to ASE is inversely proportional to the intra-cavity losses. Reverse biasing does not 
significantly alter the passive loss of the ERMs (and by extension the intra-cavity losses) [28]. 
For this laser for example, the intra-cavity losses are dominated by the SOA internal loss 
and the MMIs excess insertion loss (between 0.5-1 dB per MMI typically and there are 5 

Fig. 9. Schematic of the PDH frequency stabilization setup used for the locking of 
the integrated tunable laser. 
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MMIs in the cavity). Therefore the intrinsic linewidth of the laser does not degrade with 
reverse bias voltage because of voltage dependent loss. 

4.7 Stabilization of the integrated tuneable laser 

In this section we apply PDH stabilization to the integrated extended cavity tuneable 
diode laser.  

4.7.1 Pound-Drever-Hall frequency stabilization setup 

In Fig. 9 a schematic of the PDH frequency stabilization setup is presented. The laser is 
operated at 18 °C controlled by a watercooler with 120 mA SOA current supplied by a low-
noise battery powered current source (ILX LDX-3620B). It is tuned at 1548.6 nm in single 
mode operation. The external optical cavity is a highly stable (47 kHz/°C) Fabry-Perot cavity 
with FWHM of ~700 kHz and FSR of ~3.125 GHz manufactured by StableLasers. The laser 
output is phase modulated at 60 MHz by a lithium niobate phase modulator. The sidebands 
reflected from the cavity are detected by a photo-detector (Femto OE-300-IN-01) with 
bandwidth and transimpedance gain of 75 MHz and 103 V/A respectively. Its output is down-
converted to baseband and fed to a proportional-integral-derivative (PID) controller. 

The PID controller, the local oscillator, the mixer and phase shifter are all commercial 
electronics by Toptica (PDD110, FALC110). The PID controller includes two outputs, low 
(𝑓𝑏𝑤 < 10 𝐻𝑧) and high (10 𝐻𝑧 <  𝑓𝑏𝑤  <  10 𝑀𝐻𝑧) bandwidth. The cut-off frequencies 
used for the two integrators and the differentiator in the fast branch are 6.5 kHz, 170 kHz 
and 190 kHz respectively. The two outputs of the PID controller are summed with a DC 
voltage using a summing amplifier (SRS SIM980) with a bandwidth of 1 MHz.  

This implementation effectively yields is a single feedback loop. In many cases where a 
single feedback loop is implemented and the feedback is applied on the SOA, complex 
design of the feedback loop may be necessary. This becomes more complex when high 
bandwidth is necessary because the laser tuning relies on the thermal and plasma effect 
tuning. These two mechanisms negate each other at different timescales therefore resulting 
in a non-flat frequency response. In our implementation with rely in electro-optic effects 
and not thermal.  

The summing amplifier output biases a battery-powered opto-coupler which is used for 
electrical isolation of the laser in order to avoid ground loops. Based on the capacitance of 
the large-area photodetector of the opto-coupler and the series resistance connected to it, 
we calculate a bandwidth of about 500 kHz. The opto-coupler output is biasing with a 
negative voltage the 400 μm long phase section of the tuneable laser which independently 
controls the cavity modes. 

The laser output is split by a 90/10 fibre splitter. The 90% of the power is used for the 
PDH locking system. The remaining 10% of the laser output power is used for 
characterization of the laser output using the delayed self-heterodyne method with a 25 km 
delay line and the frequency noise power spectral density. Before the two characterization 
setups an EDFA with a narrow bandpass filter were used to amplify the optical signal and 
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obtain sufficient optical power. The details for the EDFA and filter were the same as the 
ones described in section 4.5. 

4.7.2 Frequency stabilization results and discussion 

From the open-loop error signal we have estimated the sensitivity of the control system 
and laser which is about 0.29 GHz/V. This is slightly higher but nevertheless consistent with 
the expected sensitivity (0.225 GHz/V) for the 400 μm with the assumed efficiency of 
15°/Vmm. The typical voltage range of the reverse bias voltage is 10 V which yields a control 
range of about 2.9 GHz. 

In Fig. 10 the electrical spectra from the delayed self-heterodyne setup are presented 
for both the free-running (blue) and locked laser (red). The spectra are an average of twenty 
measurements which were recorded with a resolution bandwidth of 3 kHz and video 
bandwidth of 300 Hz. The free-running laser exhibits a linewidth of about 230 kHz which 
has a Gaussian lineshape. This lineshape indicates that the measured linewidth is dominated 
by technical noise (1/𝑓). This linewidth is considerably wider than the intrinsic linewidth 
reported in section 4.5. The locked laser has a more complex lineshape (Fig. 10, red trace). 
It shows a substructure due to the frequency noise reduction within the feedback loop 
bandwidth. The width of the mode is much narrower compared to the free-running 
operation therefore the power spectral density is also much higher compared to the free-
running laser. 

The effect of the locking system on the laser is better quantified from the laser frequency 
noise power spectral density.  In Fig. 11 the power spectral density of the frequency noise 
of the laser is plotted. The frequency noise of the free-running laser exhibits the same 

Fig. 10. Electrical spectra (average of 20 measurements) of the free-running 
(blue) and locked (red) laser from the delayed-self-heterodyne setup with 25 km 
delay, recorded with 3 kHz resolution bandwidth and 300 Hz video bandwidth. 
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behaviour discussed in section 4.5, 1/f noise in low frequencies and white noise at higher. 
The locked laser frequency noise is significantly reduced in the range from 100 Hz up to 500 
kHz. At the higher frequency, the two frequency noise traces cross each other because the 
gain of the control loop is unity. The bandwidth limitation originates from the RC constant 
of the photodetector in the opto-coupler which is expected to have a similar bandwidth. 
The wide peak around 800 kHz is due to the phase lag of the control loop at those 
frequencies. Between 1 – 10 kHz we observe the highest noise suppression reaching 30 dB. 
The noise suppression reduces for higher frequencies. Below 1 kHz we observe spurious 
peaks which are not effectively supressed by the feedback loop. The most prominent peak 
is at 900 Hz. The origin of these noise peaks is unknown. 

In Fig. 11, we also plot the β-separation line [34] which is defined as 

𝛽𝑠𝑒𝑝  (𝑓) = 8
𝑙 𝑛(2)𝑓

𝜋2         (2) 

and it indicates the portion of the frequency noise which contributes to the laser linewidth. 
This part is the one for which 𝑆𝑣(𝑓) > 𝛽𝑠𝑒𝑝(𝑓) holds, where 𝑆𝑣(𝑓) is the frequency noise of 

the laser and 𝛽𝑠𝑒𝑝(𝑓) the β-separation line. Its crossing with the frequency noise of the free-

running laser is at about 100 kHz. We can therefore conclude that our loop has sufficient 
bandwidth to suppress the frequency noise contributing to the laser linewidth and 
effectively reduce linewidth. The width of the lineshape of the laser output can be 
calculated from the measured frequency noise by the simple relation [34] 

𝛥𝑣 =  √8𝑙 𝑛(2) 𝐴    (3) 

where A is the surface for which 𝑆𝑣(𝑓) > 𝛽𝑠𝑒𝑝(𝑓) holds. The calculated linewidth is 

dependent on the integration interval or in other words the observation time. 

Fig. 11. Power spectral density of the frequency noise of the free-running (blue) and locked 
(red) laser.  
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We numerically integrate the measured frequency noise and calculate A for the locked 
laser frequency noise. We find that the expected linewidth is below 1 kHz for observation 
times shorter than 1 ms. This is in fact consistent with our observations from the electrical 
spectra of the delayed self-heterodyne method recorded with 3 kHz resolution bandwidth 
where the width of the lineshape is resolution limited. The calculated linewidth however 
steeply increases from 1 kHz to about 40 kHz for observation times between 1 ms and 1.25 
ms due to the prominent spurious peaks at 900 Hz. Finally comparing the calculated 
linewidth of the free-running and locked lasers for 1 ms observation time yields an 
improvement of more than 200 since the free-running linewidth is about 230 kHz (Fig. 10, 
blue trace). 

4.8 Conclusions 

We have demonstrated a tuneable ring laser deploying the Vernier effect with two intra-
cavity ring resonators fabricated using a commercially available open-access InP integration 
technology. This is the first ring resonator tuned full-band tuneable laser in such a platform 
to the best of our knowledge. The laser exhibits a tuning range of 34 nm with a typical 
linewidth of 110 kHz and an SMSR over 50 dB over the whole range. The electro-optic tuning 
does not cause broadening of the intrinsic linewidth and the average power dissipation in 
the tuning element over the 10 V range is 1.4 mW per ring. We demonstrate the stabilization 
of the same laser using the PDH locking technique down to 1 kHz linewidth for millisecond 
observation times. Based on the laser electro-optic tuning, the frequency locking is 
implemented with a single voltage-controlled feedback loop and a bandwidth of 500 kHz. 
The negative electrical feedback is applied on the reverse biased intra-cavity phase section. 
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CHAPTER 5 

Steady-state analysis of the effects of residual 

amplitude modulation of InP-based integrated 

phase modulators in Pound-Drever-Hall 

frequency Stabilization  

Abstract - Residual amplitude modulation of the phase modulator 
deployed in Pound-Drever-Hall frequency stabilization is an effect known to 
cause instabilities to the absolute wavelength of the stabilized laser. We 
present measurements and analysis of the residual amplitude modulation in 
an InP-based waveguide electro-optic phase modulator. The modulator is 
monolithically integrated in the output waveguide of a tuneable laser. The 
effects on the frequency stabilization of such a laser system to a reference 
etalon using a Pound-Drever-Hall frequency stabilization scheme are 
quantified. Frequency offset values in the stabilization point from the 
reference Fabry-Perot etalon resonance caused by the amplitude modulation 
are predicted and optimum operating points to minimize residual amplitude 
modulation are discussed. By operating an electro-refractive phase 
modulator at the proper bias point we show that frequency offsets 
corresponding to less than 3·10-3 of the reference cavity full-width half-
maximum can be achieved. 
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5.1 Introduction 

Lasers with high frequency stability and low linewidth are at the core of numerous 
systems deployed in sensing, spectroscopy and metrology. Due to mechanisms such as 
spontaneous emission [1], shot noise and environmental disturbances (temperature, 
humidity and pressure fluctuations, flicker noise from current sources, mechanical 
vibrations), free running lasers often have insufficient long- and short-term stability. Laser 
output frequency stabilization techniques are widely used to suppress frequency noise and 
mitigate absolute frequency deviations. One of the most powerful and widespread schemes 
is the Pound-Drever-Hall (PDH) [2]  frequency locking technique, originally developed by 
R.V. Pound for microwave oscillators [3]. In the PDH technique, a laser is locked to an 
absolute reference (high finesse cavity, π-shifted fibre Bragg grating etc.). The reference in 
combination with the phase modulation induced sidebands generates a frequency 
discriminator-like error signal which drives the laser through a proportional-integral-
differential (PID) controller. Extremely low linewidths, down to mHz level, and high absolute 
frequency stabilities [4-9] have been reported using this technique. 

The stability of a laser locked with PDH locking can be compromised by the residual 
amplitude modulation (RAM) of the phase modulated light used in the scheme. RAM causes 
a well-known problem in PDH locking [10]-[12]. It deteriorates the error signal generated 
by the PDH feedback system by introducing undesired frequency offsets and spurious 
signals which may be varying over time. These result in unpredictable variations in the 
nominal locking point thus reducing the stability. The locking point in the absence of any 
RAM is fixed at the zero-crossing point in the error signal, however in the presence of RAM 
this crossing point drifts away from the resonance’s maximum. In practice the acceptable 
amount of RAM depends on the required absolute frequency stability. The most common 
choice for the phase modulator in PDH locking are lithium niobate (LiNbO3) bulk phase 
modulators which utilize the Pockels effect to induce the desired phase shift. Such 
modulators can achieve RAM as low as 10-4 [13] and further reduction down to 10-6 [14] has 
been reported with active RAM reduction schemes [12].  

The PDH frequency locking technique has been successfully applied on semiconductor 
lasers [15-18]. The phase modulation of PDH locking in these examples was implemented 
using a bulk lithium niobate based or acousto-optic phase modulators. Leveraging InP-based 
active-passive integration technology [19-20] however, one or more semiconductor lasers 
can be monolithically integrated with its own electro-refractive phase modulator (ERM) on 
a single chip thus eliminating the necessity for the bulk phase modulators. This 
configuration reduces the number of discrete components and volume of the system.  
Integration of more components used in a PDH system e.g. on-chip references and 
photodetectors (PD) is possible. A laser with an ERM at its output for use in a PDH locking 
scheme can thus be realized.  

Semiconductor ERMs however can suffer from pronounced residual amplitude 
modulation. While for instance a 10-3 RAM is considered a rather poor performance for a 
LiNbO3 modulator, it can be a very difficult to achieve such a number for a semiconductor 
integrated phase modulator. Such inferior RAM performance arises due to the relatively 
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strong link between phase shift and losses in semiconductors leading to voltage/current 
dependent losses. 

The goal of the present work is to investigate and establish the limits of the accuracy of 
the locking frequency using PDH technique, determined solely by the RAM of the InP-based 
ERM monolithically integrated with a semiconductor laser. Only the RAM due to the voltage 
dependent losses is considered. Other sources of residual amplitude modulation 
(polarization misalignment to the modulation axis or spurious cavities) commonly discussed 
in literature in the context of lithium niobate phase modulators are not treated. 

In the first part, we briefly describe the integrated InP-based ERM structure and present 
the measurement of the voltage dependent losses that cause the RAM. At the end of this 
section we analyse the experimentally observed behaviour using a steady state 2D 
simulation model. The model accounts for the main physical mechanisms from which the 
voltage dependent behaviour of the ERM originates. In the second section, we derive a 
general expression for the PDH error signal in the presence of a small amplitude modulation 
at the phase modulator. The frequency offset in the locking point as a function of the 
amount of amplitude modulation and the spectral width of the reference resonance used 
for the locking is presented. A link between the measurement results and the parameters 
used in the general expression is made. In the third section, we assess and discuss the 
results for determining the limits of using integrated ERMs fabricated by the current 
technology for an integrated PDH stabilization scheme. More specifically, minimization of 
frequency offset in the locking point by optimally biasing the ERM is addressed. It should be 
noted that although we focus on the effect of RAM originating from the phase modulator 
on PDH stabilization, there are more applications such as frequency modulation 

Figure 1 ERM cross-section with the doping 
levels for the different layers. 

Figure 2 (a) Schematic depicting the 
measurement method. The power at the input 
(orange) and output (blue) of the ERM is 
monitored using two photodetectors, (b) the 
output signals of the photodetectors in the time 
domain are represented in the plot where the ON 
and OFF time periods are defined. 
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spectroscopy [21], [22], cavity ring down spectroscopy [23] and modulation transfer 
spectroscopy [24] for which pure phase modulation is important. 

5.2 Characterization of integrated electro-refractive phase modulators 
with an on-chip laser source 

In this section, we first describe the structure of InP-based ERMs and explain the 
governing physical processes. Then the characterization method used to measure the RAM 
is discussed. This is followed by the results for the amplitude modulation and the fitting of 
the observed behaviour to a physical model. 

5.2.1 Electro-refractive phase modulators 

In the Smart Photonics [19] InP photonic integration technology platform, an ERM is a 
ridge waveguide with a horizontal PIN junction and an InGaAs layer and a metallization layer 
on top. The cross-section is illustrated in Fig. 1 where the InGaAsP (Q1.25), p- and n-doped 
InP layers are indicated along with their corresponding doping levels. The substrate is 
heavily n-doped (1019) [25]. Multiple n-doped InP layers with constant doping follow. Each 
layer has a decreasing doping level down to 1017. The guiding Q-layer is not intentionally 
doped (n.i.d.). Then the p-doping of multiple InP layers increases from 1017 up to 1019. More 
details about the doping profile can be found in [25]. The intrinsic carrier concentration of 
the quaternary material at room temperature is ~1010 [26]. This carrier concentration is 
about six orders of magnitude lower than the doping concentration of the p- and n-doped 
layers around the guide layer. We therefore do not expect significant changes of the losses 
with temperature. The optical mode is mainly confined in the waveguiding Q1.25 film. The 
electro-optic efficiency at reverse bias voltage operation is 12˚-15˚/Vmm. This efficiency has 
been both measured and simulated [19, 25] for TE polarized light. Furthermore, we should 
stress that only TE polarized light is relevant here. This is due to active quantum well 
material used for light generation which emits and amplifies mainly TE polarization [27]. 

The change in effective index and the subsequent phase shift in ERM’s is a combination 
of different field and carrier effects. The strength and relative importance of these effects 
depend on the applied voltage and the resulting electric field [25]. The field effects are the 
Pockels and Kerr electro-optic effects and the carrier effects are the plasma and band-filling 
effects. Propagation losses increase with increasing field strength due to mainly two effects. 
The first is electro-absorption (Franz-Keldysh effect [28]) because the applied electric field 
bends the conduction and valence bands thus leading to decreasing the photon-assisted 
tunnelling distance between the valence and conduction band. The second effect is the 
change in free carrier concentration. The carrier concentration reduces when the reversely 
biased voltage is applied to the PIN heterostucture structure due to the extension of the 
carrier depletion zone which mainly lies in the waveguiding layer which is non-intentionally 
doped. The two effects are a function of wavelength, applied electric field strength, optical 
power and polarization. 
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5.2.2 Voltage dependent amplitude modulation measurement 
method 

In order to measure the voltage dependent amplitude modulation 𝛥𝛢𝛭 (𝑉) of the InP-
based ERMs we use a gated detection method. The principle of this method is presented in 
Fig. 2. The laser and ERM are integrated on the same chip as indicated by the dashed 
rectangle. A short voltage pulse is applied on an ERM while output light from a laser passes 
through. At the output of the ERM light goes to a photodetector. Optical power variations 
due to the applied voltage pulse can then be seen as voltage variations in a time trace 
recorded by a real-time oscilloscope (Fig. 2, blue trace). The 𝛥𝛢𝛭  is then defined as 

𝛥𝛢𝛭 =
(𝑆𝑜𝑛−𝑆𝑜𝑓𝑓 )

𝑆𝑜𝑓𝑓
        (1) 

where 𝑆𝑜𝑛 and 𝑆𝑜𝑓𝑓  are the signal levels of the photodetector at the output of the ERM 

when the applied voltage on the ERM is non-zero and zero respectively. 
In (1) we have implicitly considered the optical power that enters the ERM to be stable. 

In practice however, power variations from the integrated free-running laser can occur. 
These power fluctuations can be uncorrelated power fluctuations from the laser or 
variations correlated with the ERM control signal. These correlations can occur due to 
electrical crosstalk between the biased ERM and the laser due to ERM voltage control since 
the laser and ERM are integrated on the same chip, and in particular share a common 
ground on the chip. 

Figure 4 Time traces for modulated (blue) and 
direct laser (orange) outputs (a) for the AC 
coupled channels and (b) for the DC coupled 
channels. In (a) he arrows indicate when the 
voltage pulse is applied (ON) and in (b) when no 
voltage is applied (OFF). Voltage levels for ON 
and OFF states are calculated from AC and DC 
coupled channels respectively. Time traces are 
for 1542 nm lasing wavelength and 2.5 V peak 
voltage. 

Figure 1 (a) Test structure for measuring RAM 
includes a tuneable laser source (red box) and an 
ERM (orange box) connected at the output of the 
laser. A second direct laser output is available, 
(b) the laser works in CW and a square waveform 
with very low duty cycle (0.5%) is applied on the 
ERM while voltages are measured in time with a 
real time oscilloscope. 



Chapter 5 

76 
 

To correct for these power fluctuations, the output of the laser that enters the ERM is 
monitored with a second photodetector as shown in Fig. 2 (orange rectangle). The corrected 
𝛥𝛢𝛭  modulation depth can then be calculated as 

𝛥𝛢𝛭 =

𝑆𝑜𝑛
𝑆𝑖𝑛,𝑜𝑛

 

𝑆𝑜𝑓𝑓

𝑆𝑖𝑛,𝑜𝑓𝑓

− 1       (2) 

where 𝑆𝑖𝑛,𝑜𝑛  and 𝑆𝑖𝑛,𝑜𝑓𝑓 are the output signal levels of the second photodetector (Fig. 

2, orange) that detects the input power of the ERM for non-zero and zero voltage applied 
on the ERM respectively. 

5.2.3. Characterization setup 

For the 𝛥𝛢𝛭  measurements we have used an integrated test structure on an InP chip 
fabricated by Smart Photonics [19] in a multi-project wafer run1. The test structure includes 
a monolithically integrated single mode continuous wave tuneable laser source [29], a 2-by-
1 3 dB multimode interference coupler and an ERM and is depicted in Fig. 3(a). The laser 
output is split by the 3-dB splitter. The first part goes through ERM before it is led to the 
chip facet and the second, used for power fluctuation corrections, is directly coupled out of 
the chip. This configuration with an ERM at the output of a laser is one that can be used for 
PDH locking and which eliminates the need for an external bulk phase modulator. 

The chip on which the laser and ERM are integrated is mounted on an aluminium sub-
mount using a thermally cured electrically conductive adhesive and kept thermally stable at 
18 ˚C using a water-cooler. The emitted laser light is TE polarized due to the gain material. 
The laser emitted wavelength can be tuned across the C-band in order to observe any 
wavelength dependent behaviour. Tuning is performed by changing the reverse bias voltage 
of intra-cavity ERMs and keeping the SOA current fixed. The single mode operation of the 
laser is confirmed using a high resolution optical spectrum analyser and ensuring good side-
mode suppression ratio (>40 dB). The design is the same as in [29] where more information 
regarding the design and performance can be found. The ERM at the output of the laser is 
2 mm long. The ERM length is chosen such that with a relatively low voltage swing the 
optimum modulation depth (60˚) for the PDH locking can be achieved. For a typical ERM 
efficiency of 15˚/Vmm a 2 mm long ERM needs a voltage swing of 2 V. This is well within the 
specifications of commercially available PDH locking electronics. As the setup schematic in 
Fig. 3(b) shows light was collected from the two sides of the chip and isolators were used to 
avoid reflections to the integrated laser. The output waveguides were angled with respect 
to the anti-reflection coated facets to further suppress reflections and the light was 
collected using single-mode lensed fibres. The photodetectors used are connected to 
variable trans-impedance gain required to amplify low voltages. 

A 0.5 ms electrical square pulse provided by a waveform generator, with a negative peak 
voltage and 0.5% duty cycle is applied on the ERM. The ERM remains biased at zero volt for 
the rest of the time. The light from the two optical outputs of the circuit is led to the two 

                                                           
1 The chip was fabricated in the framework of Smart Photonics multi-project wafer run SP20. 
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photodetectors. The electrical output of the two photodetectors are both split and led to a 
real time oscilloscope where the two signals are each recorded using both DC- and AC-
coupled (𝑓𝑐𝑢𝑡−𝑜𝑓𝑓 = 10 Hz) oscilloscope channels. This allows for the measurement of the 

voltage levels with maximum resolution for the ON and OFF states. 
An example of the outputs of the two photodetectors for both AC and DC coupled 

channels is shown in Fig. 4(a) and (b) respectively. The peak-voltage of the applied pulse is 
2.5 V. The traces of the direct laser output reveal why the correction with the input power 
is necessary. There is significant electrical crosstalk between the laser and the ERM at the 
laser output. To apply (2) and calculate 𝛥𝛢𝛭  we calculate first the signals 𝑆𝑜𝑛, 𝑆𝑜𝑓𝑓 , 𝑆𝑖𝑛,𝑜𝑛 

and 𝑆𝑖𝑛,𝑜𝑓𝑓. This is done by reconstructing the voltage at the output of the two 

photodetectors with maximum resolution from the four oscilloscope channels. Signal 𝑆𝑜𝑛 is 
the sum of the voltage level of the DC channel (Fig. 4(b)) while the pulse is OFF and the AC 
channel (Fig. 4(a)) while the pulse is ON, both for the modulated output (Fig. 4, blue traces). 
On the other hand 𝑆𝑜𝑓𝑓  is just the voltage level of the DC channel from the modulated 

output when the pulse is OFF. 𝑆𝑖𝑛,𝑜𝑛 and 𝑆𝑖𝑛,𝑜𝑓𝑓 are calculated in the same way but for the 

direct laser output (Fig. 4, orange traces). 

5.2.4 Voltage dependent amplitude modulation of InP-based 
integrated ERM 

The 𝛥𝛢𝛭  as a function of bias voltage for five wavelengths is presented in Fig. 5. All 
curves follow the same trend. At first, an increase in the reverse bias voltage results in a loss 
decrease through the ERM. This behaviour is attributed to the reduction of photon 
absorption. Reverse bias operation (below 4-5 V) results in carrier depletion and in turn 
decrease in concentration of free carriers. The resulting decrease in loss does not show a 

Figure 6 Change of loss per unit length for 1557 nm. 
The blue and orange dashed lines are the simulated 
carrier concentration changes and electro-
absorption effects. The purple solid line is the 
combination of the two effects and the purple 
markers are the measurement points.  

Figure 5 Fractional change in transmission 𝛥𝛢𝛭 
of a 2 mm long ERM (left axis) and corresponding 
loss change per unit length (right axis) as a 
function of voltage for different wavelengths. 
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clear apparent wavelength dependent behaviour. The maximum amount of reduction in 
transmission loss per unit length is about 0.5  dB/cm corresponding to about 2.5% of 𝛥𝛢𝛭  
on a 2 mm long ERM. 

At voltages from 3-5 V depending on the wavelength a minimum for the optical losses 
is observed. At this point electro-absorption starts dominating. Electro-absorption is a 
wavelength dependent process because the photon-assisted tunnelling distance of 
electrons from valence to conduction band depends on the photon energy. This is most 
pronounced at the highest voltage (10 V) where the amplitude modulation is higher for 
shorter wavelengths, indicating increased electro-absorption. The maximum amplitude 
modulation is observed at the shortest wavelength (1525 nm) and it is 2.2 dB/cm. 

5.2.5 ERM voltage dependent losses simulation 

In order to verify our explanation of the origin of the ERM voltage dependent losses we 
have constructed a cross-sectional steady state 2D simulation model using the commercial 
software Device and Mode by Lumerical, for electrical and optical simulations respectively. 
The layers’ thicknesses, compositions and doping levels (Fig. 1) for building the phase 
modulator cross section are chosen initially according to the nominal values from [25]. First 
the electric field and carrier concentration are calculated along the cross-section for 
different reverse bias voltages.  

The electro-absorption losses are then calculated for every point on the discretization 
grid according to the theoretical electro-absorption model from [30] 

𝑎(𝜔, 𝐸) =
𝐶

𝜔
 

𝐸

𝐸𝑔−ℏ𝜔
𝑒−

4

3
𝜂

3
2⁄     (3) 

where E is the electric field, 𝐸𝑔 is the material bandgap, ω is the angular frequency of the 

light, ℏ is the reduced Plank’s constant and C is a scaling parameter of the loss. The 
parameter η is defined as 

𝜂 =
𝐸𝑔−ℏ𝜔

ℏ𝜑
     (4) 

where 

𝜑3 =
𝑒2 |𝐸2|

2𝜇𝜀 ℏ
        (5) 

where 𝜇𝜀 is the electron’s effective mass and 𝑒 is electron’s charge. All of the above 
quantities are known or calculated except the scaling parameter 𝐶 in (3). 

Once the discretization grid contains the electro-absorption losses and carrier 
concentration for each point, they are imported to the optical solver in which the total 
losses for the guided mode are calculated. In Fig. 6, the effects from the electro-absorption 
and the carrier concentration changes are presented both separately (orange and blue 
dashed lines respectively) and in combination (purple solid line). The measurement points 
for 1557 nm are the purple markers. Good agreement is obtained. The discrepancy between 
the simulation and measurements is attributed to uncertainties in the deviation of the 
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doping profile, layer thicknesses and compositions, especially of the guiding Q-layer and the 
resulting bandgap, waveguide etching depth and width from the values used in the 
modelling. 

5.3 Theoretical investigation and quantification of the RAM effect on 
the PDH technique 

5.3.1 Expression for error signal in the presence of residual 
amplitude modulation 

A schematic for the PDH locking scheme is shown in Fig.7. The laser output light from a 
single mode laser is first phase modulated and then guided to a linear Fabry-Perot cavity. A 
circulator is used to guide the reflected optical power, of which the largest part is in the 
phase modulation sidebands, to a photodetector. The electrical signal is then down-
converted to baseband by mixing it with the signal from the oscillator driving the phase 
modulator with the appropriate phase to ensure the maximum amplitude of the down-
converted signal. This signal is then fed to the PID controller, the output of which forms the 
electrical feedback to the frequency control of the laser. The electric field of the ideally 
purely phase modulated light signal onto the etalon can be written as  

𝐸𝑚𝑜𝑑,𝑖𝑑𝑒𝑎𝑙 = 𝐸0  𝑒𝑗(𝜔𝑡+𝛽𝑠𝑖𝑛𝛺𝑡)     (6) 

where 𝐸0 is the amplitude of the electric field, ω the optical angular frequency of light, β 
the modulation depth and 𝛺 the PDH modulation frequency. Equation (6) can then be 
written in the form of Bessel functions of the 1st kind as 

𝐸𝑚𝑜𝑑,𝑖𝑑𝑒𝑎𝑙 = 𝛦0  [𝐽0 (𝛽)𝑒𝑗𝜔𝑡 + 𝐽1 (𝛽)𝑒𝑗(𝜔+𝛺)𝑡 − 𝐽1 (𝛽) 𝑒𝑗(𝜔−𝛺)𝑡  ]  (7) 

Here only the first order sidebands are taken into account because for the optimum 
modulation index for PDH locking (β=60°) only 4% of the power is located in higher order 
sidebands. The reflected modulated signal is  

𝐸𝑟𝑒𝑓,𝑖𝑑𝑒𝑎𝑙 = 𝐸𝑚𝑜𝑑,𝑖𝑑𝑒𝑎𝑙  𝐹(𝜔)    (8) 

Figure 7 Pound-Drever-Hall frequency stabilization schematic. 
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where F(ω) is the etalon electric field reflectivity as a function of angular frequency. The 
electrical output of the PD will then be proportional to 𝑃𝑜𝑢𝑡 = 𝐸𝑖𝑛  𝐸𝑖𝑛

∗ = |𝐸𝑖𝑛|2 where 𝐸𝑖𝑛 
is the input electric field of the reflected optical signal 𝐸𝑟𝑒𝑓,𝑖𝑑𝑒𝑎𝑙 and the asterisk is used for 

the complex conjugate. In the ideal case the signal 𝜀𝑖𝑑𝑒𝑎𝑙  that drives the PID controller after 
the down-conversion is [31] 

𝜀𝑖𝑑𝑒𝑎𝑙 = 2√𝑃𝑐  𝑃𝑠 𝐾    (9) 

where 𝑃𝑐  and 𝑃𝑠 are the optical power levels at the carrier frequency and first order 
sideband respectively and K is defined as 

𝐾 = 𝐼𝑚{𝐹(𝜔)𝐹∗(𝜔 + 𝛺) − 𝐹∗(𝜔)𝐹(𝜔 − 𝛺)}   (10) 

This is the term that shapes the characteristic PDH frequency discriminator with the large 
slope around the operating point. 

In practice however, the phase modulation is not pure. The phase modulated optical 
field is amplitude modulated as well at the same frequency as the phase modulation. We 
define R as the relative depth of the residual optical field amplitude modulation. It is a small 
dithering of the amplitude of the electric field. Because R is small the modulated optical 
field can be written as 

𝐸𝑚𝑜𝑑 = 𝐸𝑚𝑜𝑑,𝑖𝑑𝑒𝑎𝑙   [1 + 𝑅𝑠𝑖𝑛(𝛺𝑡 + 𝛹)]    (11) 

where Ψ is the phase relative to the phase modulation. By combining (7) and (11) we get  

𝐸𝑚𝑜𝑑 = 𝐸0 [𝐽0 𝑒𝑗𝜔𝑡 + 𝐽1 𝑒𝑗(𝜔+𝛺)𝑡 − 𝐽1 𝑒𝑗(𝜔−𝛺)𝑡 +
𝑅𝐽0 𝑒𝑗(𝜔𝑡+𝛺𝑡+𝛹) 

2𝑗
−

𝑅𝐽0 𝑒𝑗(𝜔𝑡−𝛺𝑡−𝛹)

2𝑗
+

𝑅𝐽1 𝑒𝑗(𝜔𝑡+2𝛺𝑡+𝛹)

2𝑗
−

𝑅𝐽1 𝑒𝑗(𝜔𝑡−𝛹)

2𝑗
−

𝑅𝐽1𝑒𝑗(𝜔𝑡+𝛹)

2𝑗
+

𝑅𝐽1𝑒𝑗(𝜔𝑡−2𝛺𝑡−𝛹)

2𝑗
]  (12) 

From (12), eight terms are generated in both ω±Ω and ω±2Ω frequencies, four in each. After 
some algebra we can express the electrical signal that is fed to the PID controller as 

𝜀 = 𝜀𝑖𝑑𝑒𝑎𝑙 + 𝑅(𝑃𝑐 + 2𝑃𝑠 )𝑅𝑒{𝐿} + 𝑅𝑃𝑠 (𝑅𝑒{𝑀} + 𝑅𝑒{𝑁})   (13) 

where L, M and N are defined as 

𝐿 = 𝐹(𝜔)𝐹∗(𝜔 + 𝛺) + 𝐹∗(𝜔)𝐹(𝜔 − 𝛺)    (14) 

𝑀 = 𝐹(𝜔 + 𝛺)𝐹∗(𝜔 + 2𝛺)       (15) 

𝛮 = 𝐹(𝜔 − 𝛺)𝐹∗(𝜔 − 2𝛺)      (16) 

are terms similar to K but M and N contain 2Ω terms as well. To reach the above expression, 
𝑅2 terms were considered negligible because for small values of R, the assumption 𝑅2 ≪ 𝑅 
is valid. Moreover, similar to (7), only the first order sidebands were considered. Finally, the 
phase difference Ψ between phase and amplitude modulation is considered to be zero. This 
assumption is valid because the electro-optic and carrier effects taking place in the ERM are 
much faster (<100 ps) [27] than the modulation period (>10 ns). In (13) the error signal is 
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finally expressed as the sum of the error signal in the ideal case (eq. (9)) plus some additional 
terms which are proportional to R. 

5.3.2 Frequency offset induced by the residual amplitude 
modulation 

Figure 9 Laser output frequency offset due to the RAM as a function of its modulation depth 
R for different reference cavity resonance FWHM values. The modulation frequency 
considered here is 40 MHz. The blue and orange lines correspond to 10 and 1 MHz FWHM 
of the cavity respectively.  The frequency deviation is dependent on the resonance width.  

Figure 8 Error signal calculated for different values of residual amplitude modulation depth 
R and the FWHM of the reference cavity resonance. The blue, orange, yellow and purple 
curves correspond to R values of 0.0001, 0.001, 0.1 and 0.2 respectively. The solid and 
dashed curves indicate the two values of 10 (solid) and 1 MHz (dashed). For increasing 
amount of R the error signal starts to shift thus a DC offset in the locking point is generated. 
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The error signal from (13) is plotted in Fig. 8 as a function of frequency for different 
values of amplitude modulation depth R (0.001, 0.01, 0.1 and 0.2) for a specific value of Ω 
and two specific reference etalons: the modulation frequency is 40 MHz and the full-width 
half-maximum (FWHM) of the resonance of the cavity 𝛥𝑓𝐹𝑊𝐻𝑀 is 10 MHz (solid lines) and 1 
MHz (dashed lines). Increasing R causes the error signal to shift on the vertical axis thus 
creating a DC offset and changing the zero-crossing point. This will cause a lock at a 
frequency that is different from the centre of the resonance peak. 

In Fig. 9 the laser frequency at which the error signal becomes zero and at which the PID 
controller will lock to, is plotted as a function of the residual amplitude modulation depth R 
for different FWHM of a resonance while the phase modulation frequency is kept constant 
(40 MHz). The amount of frequency offset that is introduced is proportional to R but also 
depends on the ratio of the resonance FWHM and the modulation frequency. As the 
resonance for the locking becomes narrower, the effect of the RAM is reduced 
proportionally. 

The plot in Fig. 9 can be used to determine the acceptable amount of RAM linked to the 
phase modulation. As an example on how to use this plot, consider a stabilization system 
which uses a 1 MHz FWHM etalon and a 40 MHz modulation frequency and one has a 
specification that one cannot accept long term frequency drifts higher than 10 kHz. 
According to Fig. 9, this frequency offset corresponds to an R of 3%. If this R is exceeded 
higher frequency offsets will occur. In this case, additional measures should be taken, such 
as active RAM suppression. 

5.3.3 Link between voltage dependent 𝜟𝜜𝜧 and relative depth of 
the residual optical field amplitude modulation 

In the above derivation an expression for the error signal as a function of R was derived. 
The term R however is a perturbation of the propagating electric field which is not directly 
measurable. For this reason, amplitude modulation thus power fluctuations were measured 
in Section 5.2. A direct comparison between theory and measurement of RAM as presented 
in the previous part cannot be done. An expression that links the two must be derived. 

The transfer function of the electric field as a function of voltage travelling through an 
ERM is  

𝑇(𝑉(𝑡)) = √
𝑃𝑜𝑢𝑡  (𝑉(𝑡))

𝑃𝑜𝑢𝑡  (𝑉(𝑡))(𝑉=0 )
    

 = √1 + 𝛥𝛢𝛭   (𝑉(𝑡))    (17) 

where V(t) is the applied voltage which is a function of time and 𝑃𝑜𝑢𝑡(𝑉(𝑡)) is the output 

optical power which we consider a function of 𝑉(𝑡) and 𝛥𝛢𝛭(𝑉(𝑡)) is a relative change in 

amplitude due to the voltage dependent losses of the ERM. In fact 𝛥𝛢𝛭(𝑉) is exactly what 

was measured in Section 5.2. Assuming small values for the 𝛥𝛢𝛭(𝑉(𝑡)), we can make an 

approximation using a Taylor expansion in order to simplify calculations. Eq. (17) then 
becomes 

𝑇(𝑉(𝑡)) = 1 +
1

2
𝛥𝛢𝛭(𝑉(𝑡))    (18) 
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The amplitude modulation term 𝛥𝛢𝛭(𝑉(𝑡)) can be in general an arbitrary function of the 

applied voltage. More specifically we have fitted the 𝛥𝛢𝛭(𝑉) curves from Fig. 5 to a second 
order polynomial. 

The time dependent voltage signal applied on the ERM can be expressed as 

𝑉(𝑡) = 𝑉𝑜 + 𝛥𝑉𝑠𝑖𝑛(𝛺𝑡)   (19) 

Since 𝛥𝛢𝛭(𝑉(𝑡)) has been measured to be small (a couple of percent), we can linearize it 

around the bias 𝑉𝑜  of the ERM and therefore neglecting the harmonics of the sinusoidal 

signal in (19). The 𝛥𝛢𝛭(𝑉(𝑡)) change in amplitude then becomes 𝛥𝛢𝛭(𝑉0 + 𝛥𝑉(𝑡)) and it 

can be approximated with 

𝛥𝛢𝛭  (𝑉(𝑡)) ≈ 𝛥𝛢𝛭 (𝑉0) +
1

2
(

𝜕𝛥𝛢𝛭

𝜕𝑉
)

𝑉=𝑉0 
  𝛥𝑉𝑠𝑖𝑛(𝛺𝑡)  (20) 

The term 𝛥𝛢𝛭(𝑉0) can be disregarded because it is only a DC offset.  Eq. (20) is then 
simplified to 

𝛥𝛢𝛭   (𝑉(𝑡)) ≈
1

2
  (

𝜕𝛥𝛢𝛭

𝜕𝑉
)

𝑉=𝑉0 
𝛥𝑉𝑠𝑖𝑛(𝛺𝑡)  (21) 

This approximation is only valid for small signal regime. Combining (18) and (21) and 
comparing with (11) we finally conclude that  

𝑅 =
1

4
 (

𝜕𝛥𝛢𝛭

𝜕𝑉
)

𝑉=𝑉0  
  𝛥𝑉   (22) 

R is calculated using (22) from the measured 𝛥𝛢𝛭  for the different wavelengths. We 
calculate and present R as a function of the ERM DC bias for a fixed voltage swing of 2 V 

Figure 10. Relative depth of the residual optical field amplitude modulation R as a function of 
DC bias voltage for different wavelengths, calculated from 𝛥𝛢𝛭 experimental data using (22) 
for a 2 mm long ERM. The voltage swing of the ERM is 2 V which yields an optimum modulation 
depth for the PDH locking for the ERM length. 
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which yields the optimum modulation for the 2 mm ERM length. The optimal ERM bias is 
wavelength dependent as the maxima of the transmission curves in Fig. 5 are also 
wavelength dependent. The precise DC bias is chosen as the maximum of the fitted second 
order polynomial for each wavelength. R is presented in Fig. 10.The DC bias starts from 1 V 
in order to keep the ERM reversed biased. R exhibits a monotonic behaviour and the zero-
crossing points vary for the five wavelengths between 3 V and 4.5 V. The change in sign can 
be interpreted as a phase change of the sinusoidal signal from (11). The absolute value of R 
vary from about 1% to 2% depending on the bias. According to Fig. 9 this amount of R 
corresponds to a frequency offset between 1.5 to 3 kHz for 1 MHz cavity FWHM and 
modulation frequency of 40 MHz. The bias point can be chosen at the zero-crossing point 
however therefore R and the consequent frequency offset can be minimized. 

5.4 Estimated frequency offsets and optimum operation points 

In Section 5.3, the frequency shift that occurs for a specific amount of R in the PDH 
stabilization has been quantified and linked directly to the amplitude modulation 𝛥𝛢𝛭  of 
the integrated InP-based ERM’s measured in Section 5.2. The residual amplitude 
modulation may or may not have a significant impact on the absolute stability of the 
stabilized laser  depending on the required absolute stability, the FWHM of the cavity used 
as reference, the modulation frequency and the operation point (DC bias and voltage swing) 
of the ERM. Here we will discuss how to utilize the findings for the voltage dependent losses 
and theoretical investigation for the frequency offsets induced by the RAM depending on 
the ERM operation. 

As presented in Fig. 10, R is wavelength dependent. Therefore the DC bias should be 
chosen based on the operating wavelength and such that the R is minimized.  The choices 
for the ERM length and voltage swing are linked. It is important that the ERM length should 
be chosen long enough such that the voltage swing is not much larger than the voltage span 
in which 𝛥𝛢𝛭  in Fig. 5 can be considered linear. This is related to the assumptions made for 
the derivation of (22) and the small signal analysis. In case the voltage swing is not 
sufficiently low, higher order harmonics which are not treated in our analysis will be 
generated. In general the ERM length is a design parameter which can vary between tens 
of microns (technological limitations) to several millimetres (photonic integrated chip size 
available in a multi-project wafer run). It is also worth noting that due to the relatively low 
frequencies used the bandwidth of the electro-optic response of the longer ERMs is not an 
issue. For example, the voltage swing needed for 60˚ with a 2 mm long ERM, for an electro-
optic efficiency of 15°/Vmm, is 2 V. According to the plot in Fig. 10 which is calculated for 
this length, the bias point should be ~4.3 V for 1567 nm.  The frequency offset is then 
minimized since R is also minimized. 

5.5 Integration of laser and ERM and crosstalk 

In section 5.2 we presented the test structure (laser and ERM) which was used for the 
quantification of RAM. As explained, this configuration could potentially be used to 
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eliminate the need for a bulk off-chip phase modulator. In this section we present and 
analyse the problems which occurred while using this configuration and propose possible 
solutions. 

5.5.1 Electrical cross-talk manifestation 

A sinusoidal signal of 25 MHz frequency and 2.5 V peak voltage, varying from -5 to 0 V, 
is applied on the ERM outside the laser cavity. The laser SOA is operated at a stable current 
and the six ERMs in the MZI arms are biased. The output of the laser which does not pass 
through the external ERM and is directed immediately to the chip facet is observed using a 
high-resolution optical spectrum analyser (OSA, APEX 2641B) with a resolution bandwidth 
of 5 MHz. The optical spectra with the modulation ON (orange) and OFF (blue) are shown 
in Fig. 11. Multiple sidebands appear around the main mode when the modulation is turned 
on. Their spacing corresponds to the modulation frequency applied on the external ERM 
(25 MHz). This immediately indicates an electrical cross-talk issue between the external 
ERM and the laser. The cross-talk is attributed to two reasons: 

1) The ERM is electrically connected to the laser cavity through the passive waveguide. 
The on-chip electrical path between the two is illustrated in Fig. 12 with the red line. 
An isolation section with 30 μm length is present at the left side of the ERM and 
therefore between it and the laser cavity in order to prevent this electrical crosstalk. 

Figure 12. The red line illustrates the electrical path between the laser cavity and the 
external phase modulator which is the source of the electrical crosstalk. 

External ERM 

Part of the laser cavity 

Figure 11. Optical spectra of the laser from the unmodulated output for ON 
and OFF modulation states. 
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In the isolation section cross-section the p-doped InP layer is removed in order to 
increase the ohmic resistance and prevent the electric field from expanding outside 
the ERM length. Typically the isolation section resistance is in the order of a few MΩ. 
Nevertheless, this ohmic resistance is evidently not enough because it is comparable 
to the reverse bias resistance of the ERM. Effectively this means that the passive 
waveguide connecting the ERM acts as an ERM as well. Since a part of this passive 
waveguide extends to the laser cavity, the applied sinusoidal voltage modulates the 
laser cavity length and therefore the laser output. 

2) The ERMs are PIN diodes which act as capacitors. A finite series resistance between 
them and the common ground of the configuration is present. The current which 
flows through the ERMs and the n-side of the chip (which acts as a common ground 
for all components on the chip) in combination with this capacitance and series 
resistance creates a voltage which elevates the ground level of the chip. The net effect 
is that every component on the chip is being modulated. 

5.5.2 Modelling of laser modulation 

The result of the two cross-talk mechanisms mentioned above is a complex modulation of 
the laser output. The laser undergoes both a frequency and amplitude modulation because 
the frequency of the lasing mode changes with the modulation frequency but also the 
voltage applied on the SOA and therefore the output power. The modulated electric field 
at the laser output can therefore be described as 

𝐸(𝑡) = (1 + 𝐴𝑚𝑜𝑑,𝑑𝑒𝑝𝑡ℎ(𝑉) 𝑠𝑖𝑛(𝜔𝑡)) 𝑠𝑖𝑛(𝜔𝑡 + 𝐹𝑚𝑜𝑑,𝑑𝑒𝑝𝑡ℎ(𝑉)𝑠𝑖𝑛(𝜔𝑡))  (23) 

where 𝐴𝑚𝑜𝑑 𝑑𝑒𝑝𝑡ℎ(𝑉) is the modulation depth of the amplitude modulation and 

𝐹𝑚𝑜𝑑 𝑑𝑒𝑝𝑡ℎ(𝑉) the modulation depth of the frequency modulation. We express the 

𝐴𝑚𝑜𝑑 𝑑𝑒𝑝𝑡ℎ(𝑉) amplitude modulation depth as 

𝐴𝑚𝑜𝑑 𝑑𝑒𝑝𝑡ℎ(𝑉) =
𝛥𝑃𝑜𝑢𝑡

Pout
= (

𝑑𝐼

𝑑𝑉

𝑑𝑃𝑜𝑢𝑡

𝑑𝐼
𝛥𝑉𝑆𝑂𝐴)/Pout  (24) 

where Pout is the laser output power, 𝛥𝑃𝑜𝑢𝑡  the change in the laser output power, 
𝑑𝐼

𝑑𝑉
 the 

conductivity determined from the laser current-voltage curve and 
𝑑𝑃𝑜𝑢𝑡

𝑑𝐼
 the slope efficiency 

of the laser derived from its light-current curve. The output power is about 100 μW, the 
conductivity 1/6 S and the slope efficiency 2.4 μW/mA. The term ΔVSOA is the peak voltage 
swing on the SOA due to the crosstalk. This value was measured and it will be discussed 
later. 
The modulation depth 𝐹𝑚𝑜𝑑 𝑑𝑒𝑝𝑡ℎ(𝑉) for the frequency modulation is defined as 

    𝐹𝑚𝑜𝑑 𝑑𝑒𝑝𝑡ℎ(𝑉) = 𝛥𝑓/𝑓𝑚    (25) 

where 𝛥𝑓 is the maximum frequency deviation of the carrier and 𝑓𝑚 the modulation 
frequency which is 25 MHz. The only unknown parameter is 𝛥𝑓 which can be expressed as 

𝛥𝑓 = 𝑉𝑒𝑟𝑚 ∗ 𝛥𝑓1𝑚𝑚/𝑎𝑑𝑖𝑣   (26) 
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where 𝑉𝑒𝑟𝑚 is the peak voltage applied on the external ERM and 𝛥𝑓1𝑚𝑚 the frequency 
deviation of the laser output per Volt for 1 mm long ERM which is calculated based on the 
laser cavity free spectral range (FSR = 5 GHz) to be 2.5 GHz. 
The measured power of the sidebands is fitted to (23) with 𝛥𝑉𝑆𝑂𝐴 and 𝑎𝑑𝑖𝑣  as fitting 
parameters. While the 𝑎𝑑𝑖𝑣  factor is rather arbitrary, it is used because the crosstalk effect 
is not a result of a uniform electric field applied to a specific length of ERM but of a varying 
field (decaying away from the ERM) applied on an unknown length of waveguide. 

The measured (dots) and calculated (lines) relative power of the carrier, the 1st (orange) 
and 2nd (yellow) order sidebands with respect to the unmodulated carrier are plotted in Fig. 
13. The three curves were fit altogether with the same 𝑎𝑑𝑖𝑣   value and ΔV𝑆𝑂𝐴 range. The 
values for the SOA peak voltage swing ΔV𝑆𝑂𝐴 vary linearly with the applied voltage swing 
from 0.01 to 0.1 V and the 𝑎𝑑𝑖𝑣  is 170. The model describes very well the modulated output 

Figure 13. Measured (dots) and calculated (lines) relative power in the side-bands of the 
laser output which is modulated due to the electrical crosstalk. 

Figure 14. Measured peak-voltage on the laser SOA and the intra-cavity ERMs when 
a sinusoidal signal is applied on the external ERM. 
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of the laser. The values for ΔV𝑆𝑂𝐴 can be thought of the voltage applied on the external ERM 
with peak value 𝑉𝑝,𝑒𝑥𝑡.𝐸𝑅𝑀  multiplied by a proportionality constant. The 𝑎𝑑𝑖𝑣  factor means 

that if the modulation due to the crosstalk is applied on a 1 mm long waveguide within the 
cavity, the peak voltage applied on the external ERM divided by 170 is enough to result in a 
strong effect. 

The range of values for the voltage swing on the SOA 𝛥𝑉𝑆𝑂𝐴 was set based on 
measurements of the voltage change on the SOA when the sinusoidal voltage was turned 
ON. The six ERMs in the MZI arms were biased and a sinusoidal signal was applied on the 
external ERM. The voltage of the SOA was measured using a high-impedance (10 MΩ) probe 
and an oscilloscope (LeCroy LT584L). The amplitude of the modulation on the SOA was 
extracted using Fast Fourier Transform (FFT) of the recorded time traces. The results for the 
peak voltage change on the SOA but also for the other three in-line ERMs (Fig. 12) are 
presented on Fig. 14. The peak-value of the voltage modulation 𝑉𝑝𝑒𝑎𝑘,𝑝𝑟𝑜𝑏𝑒  on the SOA 

increases as expected proportionally to the peak modulation voltage applied to the external 
ERM and reaches almost 0.09 V. The SOA voltage modulation is about 10 times larger than 
the crosstalk modulation voltage on the three inline ERMs. This is attributed to the larger 
parasitic capacitance of the SOA because its metallization is about 4 times wider compared 
to the metallization of the ERMs.  

The dark red line in Fig. 14 (labelled 2nd ext. ERM in the legend) corresponds to the peak-
voltage measured on an ERM which is not electrically connected to the modulated external 
ERM through a passive waveguide. The peak-value of the modulation of the voltage in this 
case is significantly lower than to the peak-values of the ERMs which have a passive 
waveguide connecting them and the external ERM. The peak-voltage is about 2 mV for the 
maximum peak-voltage applied on the external ERM, 2.5 V. This result confirms how 
significant the crosstalk through the passive waveguides is. Furthermore it confirms that the 
voltage leakage and the common ground problems are relevant for the crosstalk. 

5.5.3 Electrical equivalent 

In Fig. 15(a) the electrical equivalent of the ERM cross-section [25] is presented. The 
resistance 𝑅𝑠 is the series resistance, 𝑅0 is the leakage shunt resistance, 𝐶𝑚 the diode 
capacitance, 𝐿𝑚 the inductance and 𝐶0 the parasitic capacitance. The admittance is then 
calculated by 

𝑌𝑝 =
𝜔2𝑅𝑠𝐶𝑚

2

1+𝜔2𝑅𝑠
2𝐶𝑚

+ 𝑗𝜔(𝐶0 +
𝐶𝑚

1+𝜔2𝑅𝑠
2𝐶𝑚

2 )   (27) 

The resistance 𝑅𝑔 in Fig. 15(a) is the resistance from the n-doped substrate to the ground. 

The voltage drop across this resistance also corresponds to the voltage variations on every 
other component on the chip. 
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The values for this model have been taken from [25] and they were extracted from 
fitting of the scattering matrix parameters. We first calculate the current through the ERM 
and then the subsequent voltage drop across the resistance 𝑅𝑔. In Fig. 15(b) we present the 

calculated voltage for three different values of 𝑅𝑔 0.5, 1 and 2 Ω. The red dots correspond 

to measurements of the voltage over the 2nd ext. ERM from Fig. 14 which has no electrical 
connection to the modulated external ERM through passive waveguides. By comparing the 
measured and calculated values of the voltage across 𝑅𝑔 we can conclude that a resistance 

value of 1 to 2 Ω is enough to cause the crosstalk. Such a value can be explained by the 
resistance of the electrical path from the n-doped side of the chip through the cables that 
connect it electrically to the ground. 

5.5.4 Proposed solutions 

Even though this section is not an exhaustive study of the electrical crosstalk, it should 
be enough to illustrate that the observed effects can be explained by the creeping field 
outside the external ERM and into the laser cavity and the finite resistance from the chip 
substrate to the ground. From Fig. 14 it seems that the voltage leakage is a more serious 
problem than the series resistance to the ground. The latter could be mitigated by 
minimizing the length of the electrical path to the ground and the resistance per unit length 
by changing the setup configuration. To mitigate or eliminate the on-chip electrical crosstalk 
due to the electrical field leakage a series of steps could be taken: 

1) The electrical field applied to the ERMs could be better confined by placing a short 
ERM after every isolation section and biasing them at 0 V. This would stop the 
creeping of the electric field since the voltage on the additional ERMs would be well 
defined. This solution has been proposed and tested in collaboration with other 
members of the PHI group and has been protected by a provisional patent [32]. 

Figure 15. (a) Equivalent circuit of the ERM cross-section [25], (b) calculated voltage across the 
resistance Rg as a function of the applied voltage on the ERM. 

(a) (b) 
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2) Semi-insulating substrate could be used instead of n-doped which is currently used. 
By using semi-insulating substrate, every on-chip component would have its own 
ground therefore eliminating the electrical crosstalk through it. 

5.6 Conclusions 

The voltage dependent losses of an InP-based ERM integrated on the same chip with a 
laser source have been characterized using a gated detection method. The ERM voltage 
dependent behaviour is verified by electro-optical 2D simulation which is found to be in 
good agreement. We have theoretically quantified the frequency offset in the PDH locking 
induced by the RAM of the phase modulator. Using the measurements and theoretical 
model the amount of RAM induced frequency offset was predicted. E.g. frequency offsets 
below 3 kHz can be achieved using a reference etalon with 1 MHz FWHM resonance width, 
40 MHz modulation frequency, and a 2 mm long ERM operated with 2 V voltage swing of 
the sinusoidal signal and 2 V DC reverse bias. Therefore a frequency offset of less than 3·10-

3 of the reference cavity FWHM should be achievable. By optimizing the ERM bias point to 
the point of maximum transmission where R becomes 0, frequency offsets from the 
required locking point can be reduced even further. The frequency offset in this case is 
limited by the generation of higher order harmonics due to the non-perfectly symmetrical 
parabola of 𝛥𝛢𝛭(𝑉). This case is not treated here. This effect however can be reduced by 
choosing a longer ERM in order to reduce the necessary voltage swing. Finally, the on-chip 
electrical cross-talk problems that result in the unwanted modulation of the laser output 
are discussed. 
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CHAPTER 6 

Discrimination between strain and temperature 

from a fibre Bragg grating sensor using stabilized 

integrated lasers 

Abstract – Strain sensing at the nano-strain level and below is significantly 
impacted by temperature fluctuations. The discrimination of the two effects 
is therefore many times necessary. We demonstrate a sensing system which 
can discriminate the longitudinal strain and temperature which is based on 
frequency stabilized InP-based lasers, a π-shifted fibre Bragg grating written 
on a polarization maintaining fibre and a heterodyne-based read-out system 
with a frequency counter. The integrated lasers are fabricated using an InP 
photonic integration technology. The heterodyning is implemented between 
a laser locked to a stable optical cavity and lasers locked to the resonances 
(fast- and slow-axis) of the grating. We perform the measurements for the 
two polarisation axes resonances in series and not in parallel. The 
demonstrated resolutions for strain and temperature are 14.3 nε and 1.3 mK 
with read-out speed of 2 Hz. The read-out speed is limited by mechanical 
disturbances at 220 Hz. We show that the read-out speed can be increased to 
the kHz level and the resolution can be improved by a factor of five by 
performing the measurements in parallel, instead of in series. 
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6.1 Introduction 

In recent years fibre Bragg gratings (FBG) have gained a lot of attention as potential 
candidates for discrete or quasi-discrete strain sensing [1]. FBGs are attractive due to their 
small size and weight, versatility, modularity and immunity to electromagnetic radiation. 
The measurement of strain is important in structural health monitoring of man-made 
structures such as bridges and buildings [2], wings of planes [3] and monitoring of seismic 
activity in geophysical research [4]. The required strain resolution and read-out speed of a 
strain sensing system depends on the application. Various sensors have been demonstrated 
with resolutions varying from several micro-strain (με) [5] to sub-nano-strain (sub-nε) [6]. 
The read-out speed can also vastly vary from Hz (quasi-static sensing) to several kHz range 
(dynamic). 

The use of FBGs for strain sensing in the nε and sub-nε regime is particularly interesting 
for applications further than the most usual ones listed above. An example is the monitoring 
of strain in the wafer stages in lithography machines. Due to high speed and acceleration, 
these stages undergo deformations despite their stiffness. The deformations on these 
stages may vary from some nanometres down to picometres but they are in general small. 
Nevertheless due to the small feature size on the exposed wafers, these small deformations 
are enough to degrade the exposure quality. By accurately measuring the strain and 
therefore the deformations of the wafer stages, and actively compensating for them, the 
resolution of lithography machines could be improved. 

FBG-based strain sensors can potentially offer the desired resolution in the 
aforementioned applications. However, temperature variations limit the accuracy of strain 
sensors and hinder their deployment for nε measurement and below. The degradation of 
strain sensing accuracy due to temperature variations is often called cross-sensitivity. The 
cross-sensitivity problem is especially pronounced in the nε regime where even mK 
variations in temperature become significant. Considering the typical strain and 
temperature sensitivities of standard single-mode fibre (SSMF), e.g. 120 kHz/nε and 
1.2 MHz/mK [1], a couple of mK temperature variation would entirely obscure strain 
measurements at the nε level. 

Various solutions to the cross-sensitivity problem have been proposed. The simplest 
solution is a strain-isolated FBG in proximity to the strain sensing FBG in order to directly 
compensate for any temperature variations [7]. This scheme reduces the spatial resolution 
of the sensing system and furthermore does not guarantee the same temperature 
variations of the two FBGs, especially in the mK regime. Solutions that use a single fibre 
have also been proposed to monitor strain and temperature variations simultaneously. For 
example in [8] two uniform FBGs were written on two fibres with different cross-sections 
and spliced together. The resonant wavelengths of the gratings have different strain and 
temperature sensitivities therefore both quantities can be measured simultaneously. Even 
more elegant solutions have been proposed such as the use of a single FBG as first and 
second order grating at the same time [9]. This method requires the use of two 
wavelengths, e.g. 1550 nm and 750 nm and relies on the different sensitivities at these 
wavelengths, similarly to the previous method. Another method is the use of a FBG in 
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polarization maintaining fibres (PMF) which takes advantage of the strain and temperature 
dependent birefringence [10]. The different sensitivities of the two polarisation states (fast- 
and slow-axis) can be used for simultaneous strain and temperature measurements. The 
resulting resolutions of the above sensing systems have been limited to με and hundred mK 
resolutions [11, 12]. To the authors’ knowledge only in [13] the resolution of simultaneous 
measurement of strain and temperature are significantly better, down to 18 nε and 1.4 mK. 

In this work we present a sensing system that can discriminate strain and temperature 
variations and deploys frequency stabilized diode lasers, a π-shifted FBG written in a PMF 
and a heterodyne-based read-out system. One laser is locked to a stable optical cavity which 
acts as a reference to our system. The two resonances of a π-shifted FBG are used as optical 
cavities for another laser. The beating frequency of the locked lasers is monitored by a 
frequency counter and we convert the frequency variations to strain and temperature 
variations. This is the first time to the author’s knowledge that a heterodyne read-out 
system with a frequency counter is deployed. As we demonstrate this system can achieve 
strain and temperature resolutions slightly better than the state-of-the-art and shows 
potential for even better resolutions since the performance of our system at the moment is 
limited by external disturbances. 

6.2 Strain and temperature discrimination using polarization 
maintaining π-shifted FBG 

Strain and/or temperature sensing can be implemented using uniform or π-shifted FBGs. 
The width of the reflection band of a uniform grating is typically in the order of couple of 
tens of GHz. On the other hand, the full-width at half-maximum (FWHM) of a π-shifted FBG 
can be some tens of MHz wide which is about thousand times narrower compared to a 
uniform FBG [1]. The refractive index profile of a π-shifted FBG along the propagation 
direction is shown in Fig. 1(a). The narrow notch of a π-shifted FBGs can enable higher strain 
resolution since the central frequency can be determined more accurately. 

Gratings can be written in both SSMFs and PMFs. The slow- and fast-axis of a polarisation 
maintaining fibre have different refractive effective indices, 𝑛𝑠 and 𝑛𝑓 respectively. An 

example of such a polarization fibre is the PANDA-type fibre. A schematic of its cross-section 
is shown in Fig. 1(b) where the two polarisation axes are denoted. As a result of the 
birefringence, the resonant wavelength of a π-shifted FBG written on a PMF depends on 
the polarisation state of the propagating light. Effectively two discrete resonances appear 
at frequencies 𝑣𝑠 and 𝑣𝑓, for the slow- (red) and fast-axis (blue) respectively. This is shown 

in an example of the calculated transmission spectra of a π-shifted FBG in a PMF for the two 
polarizations in Fig. 1(c). 

The fibre birefringence 𝑛𝑓 − 𝑛𝑠 is dependent on the applied strain and temperature of 

the grating. Therefore the frequency difference 𝑣𝑓 − 𝑣𝑠 between the fast- and slow-axis 

resonances depends on these parameters as well. To put it in a different way, the effects of 
strain and temperature on the two polarization states are different. This is illustrated in 
Fig. 2 where for a change in the applied strain or temperature the two resonances shift by 
a different frequency ∆𝑣𝑓  and ∆𝑣𝑠. 
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The frequency shifts of the slow- and fast-axis resonance ∆𝑣𝑠 and ∆𝑣𝑓 due to 

temperature and strain can be expressed in a matrix form as 

[
∆𝑣𝑠

Δ𝑣𝑓
] = [

𝑆𝑠
𝑇 𝑆𝑠

𝑆𝑓
𝑇 𝑆𝑓

] [
Δ𝑇
Δ휀

]    (1) 

where 𝑆𝑠
𝑇, 𝑆𝑠 , 𝑆𝑓

𝑇 and 𝑆𝑓  are the temperature and strain sensitivity coefficients for the slow- 

and fast-axis respectively. The first term on the right side of (1) is also called the sensitivity 
matrix. The terms Δ𝑇 and Δ휀 denote the temperature and strain changes the grating 
undergoes. These are the quantities one would like to measure using a sensor. These 
changes can be calculated by measuring the frequency shifts ∆𝑣𝑠  and ∆𝑣𝑓  and solving the 

linear two-equation system assuming the temperature and strain sensitivities are known. 
The solution to (1) can be expressed in a matrix form as 

[
∆𝑇
∆휀

] =

[
𝑆𝑓

𝜀 −𝑆𝑠
𝜀

−𝑆𝑓
𝑇 𝑆𝑠

𝑇 ]

𝛥
[
∆𝑣𝑠

Δ𝑣𝑓
]    (2) 

where the term 𝛥 is the determinant of the sensitivity matrix in (1) defined as 

Δ = 𝑆𝑠
𝑇𝑆𝑓 − 𝑆𝑠 𝑆𝑓

𝑇     (3) 

(a) (b) 

(c) 

Figure 1 (a) Schematic of the effective index profile of a π-shifted FBG, (b) schematic of the cross-
section of a PANDA-type polarization maintaining fibre where the two polarization axes are 
denoted, (c) calculated typical transmission spectra of a π-shifted FBG for the two polarization 
axes. 
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The sensitivities of an FBG can be extracted experimentally for a specific fibre from a 
calibration procedure. The calibration procedure we use will be explained in a following 
section. It should be noted here that in practice the sensitivities for slow- and fast-axis in a 
PANDA-type PMF which are used here are quite close to each other (typically <5% 
difference). More specifically the strain sensitivities of the two polarizations have a much 
smaller difference (<1%) than the ones for temperature. This results in a small (relative to 
the sensitivities) determinant 𝛥. By inspection of (2), a small determinant Δ effectively 
magnifies any measurement errors therefore limiting the resolution of the sensor. 

Furthermore, from (2) it is evident that the measurement resolution of temperature 
changes ∆𝑇 and strain changes ∆휀 depends on two factors; the accuracy with which the FBG 
sensitivity matrix is known and the accuracy with which the frequency shifts ∆𝑣𝑠 and ∆𝑣𝑓 

are measured. In [14] an error analysis is presented and it is shown that depending on which 
errors dominate, simple expressions for the upper error bounds of ∆𝑇 and ∆휀 can be 
derived. The appropriate expressions will be presented and discussed in section 6.6.3 with 
the experimental results. 

6.3 Interrogation and read-out methods 

Sensors utilizing uniform FBGs are typically interrogated using wideband sources and 
spectrometers or scanning lasers to detect the reflection maximum [15]. Sensors deploying 
π-shifted FBGs may also use similar interrogation techniques. However π-shifted FBGs are 
more commonly used as external optical cavities on which single-mode lasers are locked to 
[6, 16, 17]. Therefore the laser follows the resonant wavelength of the FBG. 

In this work our sensing system uses a frequency stabilized laser to interrogate a π-
shifted FBG. This will be called the sensing laser. The read-out system is based on 

∆𝑣𝑓  
∆𝑣𝑠  

Change in strain or 

temperature 

conditions 

Figure 2. Principle of simultaneous strain and temperature sensing using a FBG written on a 
polarization maintaining fibre. The birefringence of the fibre is both strain and temperature 
dependent therefore the two resonances shift by a different amount ∆𝑣𝑠 and ∆𝑣𝑓. This allows for 

solving a system with two equations describing the shifts and two unknowns (strain and 
temperature). 
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heterodyning the sensing laser with a second frequency stabilized laser; the reference laser. 
The reference laser is frequency stabilized to a stable reference optical cavity. This laser 
does not experience any significant frequency drifts and acts as a reference for the sensing 
system. Both lasers are frequency stabilized using the Pound-Drever-Hall (PDH) technique 
[18]. The frequency difference of the two lasers can be measured by beating them on a 
photodetector. Any changes in the beating frequency at the output of the photodetector 
can be measured by a frequency counter for example. Finally the beating frequency changes 
can be attributed to the sensing laser and thereby to the optical path length fluctuations of 
the π-shifted FBG. The proposed system resolution and accuracy are determined and 
ultimately limited by the stability of the reference laser and the sensing lasers which define 
the instantaneous frequency fluctuations. The stability of the locked lasers is better than 
scanning lasers used in other methods and can offer more accurate read-out compared to 
broad features of uniform FBGs for example. 

The sensor described above can only measure optical path length differences regardless 
their physical origin, e.g. temperature and/or strain. To extend the system for simultaneous 
strain and temperature sensing, a π-shifted FBG written in a PANDA type PMF can be used. 
Both fast- and slow-axis resonances can be interrogate in the same way; each by one 
frequency stabilized laser. A second sensing laser (third including the reference laser) is 
therefore needed. By mixing the two lasers with the reference laser, the frequencies ∆𝑣𝑓  

and ∆𝑣𝑠 can be measured. The equation system described in (2) can then be solved to 
calculate any temperature and strain changes. 

6.4 Experimental setup 

As described in the previous section, this simultaneous strain and temperature sensing 
system consists of three stabilized lasers. Here, we implement the same method, but with 
two instead of three lasers. The interrogation of slow- and fast-axis resonances and the 
corresponding measurements of  ∆𝑣𝑠  and ∆𝑣𝑓  are not performed at the same time. We 

follow this approach because the two resonances are 44 GHz apart meaning that a 
frequency counter with at least 22 GHz bandwidth is needed. Due to the lack of such 
frequency counter and a third stabilized laser system the interrogation of the two resonance 
is not implemented in parallel. Instead, we interrogate the two resonances individually at 
different points in time. However we take great care such that the same temperature and 
strain conditions apply. In this manner we demonstrate the accuracy that can in principle 
be achieved. 

A schematic of the experimental setup is presented in Fig. 3. The setup consists of two 
stabilized laser systems, the reference laser and sensing laser, mixed on a photo-detector 
and their frequency difference is measured using a frequency counter. 
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6.4.1 Integrated InP diode lasers 

The two lasers deployed for the sensing system are single-mode continuous-wave InP-
based lasers which lase at about 1550 nm. Both lasers are monolithically integrated multi-
section extended-cavity DBR lasers and one of them also includes an intra-cavity ring 
resonator as presented in Chapter 2 and [19]. The two lasers are on two different chips. 
They are fabricated using an active-passive integration technology [20] in the framework of 
a multi-project wafer [21] run by Smart Photonics [22]1. 

The lasers are tuned coarsely through thermal tuning by changing the SOA current. Fine 
tuning is implemented by using reverse bias voltage on the rear DBR sections. The output 
of each laser is directed to a chip facet with an angled waveguide (with respect to the facet) 
to supress back-reflections. For further suppression of back-reflections, the facets are also 
coated with an anti-reflection coating. The light is collected by single-mode lensed fibres. 
Isolators are used immediately after the lensed fibres. 

                                                           
1 The chips were fabricated in the framework of Smart Photonics multi-project wafer run 
SP21. 

Figure 3. Schematic of the experimental setup which consists of two stabilized laser systems: a 
reference laser locked to a stable etalon (top box) and a sensing laser locked to the resonance 
of a π-shifted FBG (bottom box). The read-out system (middle) consists of a photodetector on 
which the outputs of the two lasers are mixed, an RF amplifier and a frequency counter to 
measure the instantaneous frequency. 
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Each chip is fixed on an aluminium base using conductive epoxy and it is wire-bonded to 
a printed circuit board through which the electrical signals for the operation of SOA and 
DBRs are applied. The current to the SOA of each laser is provided by a low-noise battery-
supplied laser diode controller (ILX Lightwave LDX-3620B). The temperatures of the chips 
are controlled by water-coolers. We use two temperature settings, 19 and 24°C. At each 
temperature setting the frequency of one of the two lasers is roughly aligned to the slow- 
and fast-axis resonances of the π-shifted FBG which are about 44 GHz apart. Both lasers 
shift equally therefore the frequency difference is roughly preserved. Further coarse 
frequency tuning is also implemented by varying the SOA currents of the two lasers in order 
to align one to the π-shifted FBG resonance and the other to a neighbouring etalon 
resonance. 

6.4.2 Pound-Drever-Hall frequency stabilization 

Once the lasers are tuned to the corresponding resonances by thermal tuning, they are 
locked using the PDH frequency stabilization. Schematics of the two PDH locking setups are 
presented in Fig. 3. The two systems are identical except for the modulation frequencies 
and the external optical cavities (reference and π-shifted FBG). The locking systems are 
described in the following paragraphs and they are differentiated only when necessary. 

First the laser output passes through a lithium niobate phase modulator (PM). The 
polarization of light before entering the PM is controlled using a polarization controller. The 
PMs modulate the output light of the two lasers at 55 and 60 MHz for the reference and 
sensing lasers respectively. The sinusoidal signals for the phase modulation at these 
frequencies are provided by commercial electronics which include local oscillators 
(Toptica PDD 100/F). After the PM, the light is directed to the optical cavity through a 
polarization maintaining circulator. The reference laser is locked to a hermetically sealed 
highly stable Fabry-Perot etalon with 700 kHz FWHM and 3.125 GHz free spectral range 
(FSR) (Stable Lasers). The etalon experiences a drift of about 1 MHz/day. The sensing laser 
is locked to a π-shifted FGB written on a PANDA-type PMF (Teraxion). The FWHM of its 
resonance is about 100 MHz and it is centred at 1550 nm to match the lasing wavelength of 
the lasers. The fibre is mounted on a test setup which can accurately control the 
temperature of the grating and the applied strain. More details on this setup will follow in 
the next sub-section. 

The light which is reflected from the optical cavity is fed to a photodetector (PD) which 
includes variable transimpedance gain (Femto OE-300-IN-01). We use a transimpedance 
gain of 104 (V/A). The PD output is directed to the mixer where it is mixed with the local 
oscillator and down-converted to DC. The signal at the mixer output is the fed to the PID 
controller (Toptica FALC 110). The PID controller has two output ports, a low frequency port 
(<10 kHz) and a high frequency port (10kHz – 10 MHz). The output of the two ports with an 
additional positive voltage from a voltage source are summed using a summing amplifier 
with 1 MHz bandwidth (Stanford Research Systems, SIM980). The output of the summing 
amplifier biases an opto-coupler which consists of a light-emitting diode (LED) and a large-
area photo-detector (Thorlabs FDS1010). The opto-coupler is used to avoid ground loops 
and mitigate RF pick-up. The photodetector is biased by a 9 V battery. A resistor is 
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connected in series with the large-area photo-detector. The voltage drop across the resistor 
is the output voltage of the opto-coupler. The voltage is applied on the rear DBR grating of 
the laser and reverse biases it. The DC voltage which biases the LED is 4 V. This voltage level 
is well above the turn-on voltage of the LED which is about 2.5 V. The opto-coupler transfer 
function is linear for an input voltage range of roughly ±1.5 V (around the 4 V DC offset), 
provided by the PID outputs to correct for any laser frequency fluctuations. The estimated 
bandwidth of the opto-coupler is 0.5 MHz limited by the bandwidth of the photodetector 
in combination with the series resistance. 

6.4.3 Strain/temperature test setup 

The fibre on which the π-shifted FBG is written is mounted on a setup which can control 
the temperature and the applied strain. The setup was provided by ASML Nederland BV 
[23]. A photo of the strain/temperature test setup and the mounted fibre with the grating 
is presented in Fig. 4. The fibre is wrapped around two glass plates made out of low 
expansion coefficient material. In the inset, the grating is shown in the slot where it is 
temperature-controlled. A metallic lid covers the grating in the slot to isolate it. The 
temperature is controlled by a Peltier element with 1 mK resolution. A water-cooler is also 
available for temperature control but it is not used because it caused additional mechanical 
vibrations and a slow temperature envelope which would disturb our measurements.  

The strain excitation is implemented by a voice-coil actuator (VCA) which takes a voltage 
as input. The VCA input voltage is supplied by a voltage source (Keithley 2602A). The 8-bit 
VCA has an input range of ±4 V resulting in a resolution of about 31 mV. The strain-

Figure 4. Image of the test setup which is used to apply strain and control the temperature of  
the grating. The fibre is wrapped around the two plates made out of low expansion coefficient 
material. The temperature is regulated by a Peltier element and the strain applied by a voice-coil 
actuator.The magnified part (red rectangle) shows the grating placed in a slot where it is 
temperature controlled. 
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temperature cross-talk was estimated to be below 1 με/K. The grating was pre-strained 
while it was wrapped around the plates in order to ensure proper strain excitation. In case 
the fibre does not have sufficient pre-strain, i.e. it is lose, lower and non-linear strain 
coefficients might be extracted. The pre-strain of the grating is maintained due to the 
friction between the fibre and the glass plates. During the measurements the setup was 
placed in a closed plastic container to further isolate it and avoid any air flow that might 
disturb the measurements. 

6.4.4 Heterodyne-based read-out system 

The output of the sensing system is based on heterodyning the reference and sensing 
lasers. 10% of the fibre coupled output from each laser is used for the read-out system while 
the rest of the power is used for the locking systems. The two outputs are combined using 
a fibre-based combiner and optically amplified using a low-noise erbium-doped fibre 
amplifier (EDFA, Keopsys CEFA-C-HG-SM-50-B130). The output of the EDFA is filtered using 
a narrow band-pass filter (BPF) with 0.5 nm width in order to reject the amplified 
spontaneous emission from the EDFA. The signals are then fed to a photodetector (Newport 
818-BB35F) with 12 GHz bandwidth, 0.95 A/W responsivity and 50 Ω output impedance. 
The output of the photodetector is further amplifier using an RF amplifier (MiniCircuits 
ZX60-33LNR) with bandwidth 50 MHz – 3.5 GHz and typical gain of 14 dB. The amplified 
electrical signal is then directed to a frequency counter (Carmel Instruments NK732) with 
input bandwidth up to 6 GHz. The advantage of using a frequency counter instead of an 
electrical spectrum analyser for example or even optical read-out methods is that the read-
out speed which can very over several ordered of magnitude, e.g. from Hz to MHz. The input 
signal to the counter needs an amplitude of at least 30 mV therefore the amplification is 
necessary. Due to the bandwidth of the frequency counter, the reference laser could not be 

(a) 

Figure 5 The instantaneous frequency versus time for the extraction of the (a) temperature sensitivity 
of the fast-axis and (b) strain sensitivity. For the temperature calibration the temperature is varied with 
50 mK steps and for the strain 0.4 V steps. We use only the points in red to determine the central 
frequency at each setting. The instantaneous frequency is recorded with 1 kHz sampling rate. 

(b) 
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locked to an etalon resonance further than 6 GHz away from the FBG resonance. It is always 
possible to keep the frequency difference between the two lasers below 6 GHz since the 
FSR of the reference etalon to which one of the laser is locked is 3.125 GHz. 

6.5 Strain and temperature sensitivity measurements 

First we extract the temperature and strain sensitivities of the π-shifted FBG for both 
fast- and slow-axis. To obtain the temperature sensitivities, the VCA is turned off and the 
fibre temperature is controlled by the Peltier element. The temperature is varied from 22.5 
to 23.5 °C with 50 mK steps. We do not choose a larger temperature range in order to avoid 
any noticeable non-linear frequency shift of the FBG resonant frequency as a function of 
temperature. Nevertheless as we will show this range is sufficient to obtain the sensitivities 
with very high accuracy. The beating frequency is measured by the frequency counter. In 
Fig. 5(a) the instantaneous beating frequency as a function of time is presented while the 
temperature is being varied for the FBG fast-axis resonance. The temperature overshoots 
and settles about 12 seconds after the temperature transition. We use the average 
frequency over a 3 second interval after the FBG has settled to define the beating 
frequency. The averaging intervals are indicated with the red colour in Fig. 5(a). 

To measure the strain sensitivity, the temperature is kept constant and the VCA input is 
varied from 0 to -4 V with a step of 0.4 V. We chose not to operate the VCA in the whole 
range but only at negative voltages where tensile strain is applied. We noticed that the 
slopes from 0 to 4 V and 0 to -4 V may be slightly different which could be an effect of 
insufficient pre-strain on the grating. In Fig. 5(b) the instantaneous beating frequency versus 
time for varying strain settings is shown. The transitions happen instantaneously and no 
settling time is needed unlike the temperature calibration. We average the frequency 

(a) (b) 

Figure 6. Measured frequency shifts (dots) and fittings (solid lines) for the extraction of the fast- 
(blue) and slow-axis (red) sensitivities of (a) temperature and (b) strain. The error-bars represent 
the standard deviation of the frequency measurement. The difference between the strain 
sensitivities is much smaller that those of temperature and the two fitted lines almost overlap. 
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samples over almost 0.4 seconds. Each voltage setting is 0.5 seconds long however we 
discard measurement points around the transitions. The averaging intervals are again 
indicated in red colour. The same measurements are taken for both fast- and slow axis at 
different times by thermally tuning the lasers through the water-cooler temperature. 

 We fit the frequency shifts to a linear function to extract the slopes for all four 
sensitivities. In Fig. 6(a) the measured frequency shifts and the fittings for the temperature 
sensitivities are shown. The calculated sensitivities for the fast- and slow-axis are 1.223 and 
1.186 GHz/K respectively. The 𝑅2 parameter of the fittings is 0.9999 for both and the slope 
errors 1.4 and 1.2 MHz/K. 

Table I – Temperature and strain sensitivities 

 Temperature [GHz/K] Strain [MHz/V] Strain [MHz/με] 

Fast 1.223 135.334 112.787 

Slow 1.186 136.483 113.736 

    
 

The expected sensitivities for strain are about ten times lower (in Hz/με) compared to 
temperature sensitivities (in Hz/K). Furthermore the strain sensitivities for the two 
polarisations are expected to have a lower relative difference between them. Therefore any 
errors in the determination of the sensitivities become more important. To reduce the error 
of the calculated strain sensitivities, we repeat the measurement shown in Fig. 5(b) twenty 
times and perform a fitting for each repetition. This approach can also help to average out 
any reproducibility errors that might originated from the VCA of our setup. In Fig. 6(b) the 
measured frequency shifts and their linear fitting for one of the set of repeated 
measurements for the two fibre axes are shown. The parameter 𝑅2 is larger than 0.999 for 
all fittings. The average strain sensitivities for the fast- and slow-axis from the twenty 
measurements are 136.48 and 135.33 MHz/V. The standard deviation of the slopes from 
the twenty measurements is about 1 MHz. This is most likely due to the VCA resolutions 
and reproducibility but could also be partly due to a long-term stability issue. Nevertheless 
it indicates that the error in the slope is closer to 1% which is ten times worse than the 0.1% 
for the temperature sensitivities. The relative difference of strain sensitivities is lower 
compared to the temperature sensitivities as expected. Based on strain sensitivities for 
similar PANDA type fibres, we estimate a conversion ratio from voltage to strain of 1.2 με/V. 
The results for the sensitivity matrix are gathered in Table I. 

 

6.6 Discrimination of strain and temperature 

As explained in section 6.4, a sensing system for strain/temperature discrimination 
should consist of three lasers (one reference and two sensing). This allows the frequency 
differences 𝛥𝜈𝑓  and 𝛥𝜈𝑠 to be measured in parallel, i.e. simultaneously. Here we use two 

lasers (one reference and one sensing) and we perform the interrogation of the fast- and 
slow-axis resonances in series, i.e. different points in time. 
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6.6.1 Measurement procedure 

We choose ten random voltage values for the strain excitation. Each measurement point 
has a duration of 0.5 seconds therefore a single set of these strain measurement points is 5 
seconds. During these measurements we turn the temperature control off. This is done 
because of electrical crosstalk that was observed between the Peltier element and the VCA. 
The crosstalk manifests itself as spikes in temperature with several mK amplitude at random 
points in time which would distort the measurement conditions. The same approach was 
not followed for the strain sensitivities measurements because there we used a larger 
voltage range (4 V) while here we use a ten times smaller range (0.4 V). However we ensure 
that no significant temperature drifts occur over the measurement interval by measuring 
the FBG temperature during the measurements. The readings indicate that over the 5 
seconds measurement time temperature drifts not larger than 1 mK occur. Even if this 
number would slightly underestimate the temperature changes, it is still a good indication 
of the thermal stability of the setup during the measurements. Larger thermal drifts do 
occur over longer time intervals but those are too slow to be relevant to the measurements. 
The FBG temperature is close to the ambient temperature which is about 23 °C. The 
frequency measurements at the read-out system are performed with the frequency counter 
with 1 kHz sampling rate. 

We perform ten identical sets of measurements (each set includes the ten random 
voltage points) for each of the two resonances, fast and slow. For each set we calculate the 
frequency shifts from the first frequency measurement of the set. Then we average the 
frequency shifts for the ten repetitions. We follow this approach to try and average out any 
reproducibility errors of the system (e.g. VCA, temperature variations). 

For the averaged frequency shifts 𝛥𝜈𝑓  and 𝛥𝜈𝑠  and the sensitivity matrix values 

measured in the previous section, we solve equation (2) and calculate the applied strain and 
temperature changes 𝛥휀 and 𝛥𝑇. 

6.6.2 Error estimation 

In the error analysis in [14], two sources of errors are considered; the error in the 
frequency measurement of 𝛥𝜈𝑓  and 𝛥𝜈𝑠 and the errors in the sensitivity matrix. In this 

section we will estimate the errors from both sources and use the appropriate expressions 
to calculate the resolutions of our system. 

First we consider the errors of the temperature and strain sensitivities. For this we take 
into account the slopes, the estimated error of the slopes and the temperature/strain range 
we use for the discrimination measurements. For temperature we have an average slope of 
about 1.2 GHz/K, error of 0.1% and we use a range of a couple of mK. Let’s consider however 
a range of 10 mK. The maximum error that can occur only due to the temperature sensitivity 
slope would be 12 kHz. For strain, we have an average slope of about 135 MHz/V, an error 
of 1% and a range of 0.5 V resulting in a maximum error of 675 kHz. This error is significantly 
larger than the temperature error. 

Now we need to estimate the errors in measuring the frequencies 𝛥𝜈𝑓  and 𝛥𝜈𝑠. Here we 

consider two errors. The first is the spread of the measurement points during the 
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measurement of the FBG resonance frequency under every strain setting. For this we use 
the standard deviation of the frequency points at a single strain setting which is about 
900 kHz. The second error is related to the long-term stability of the system and it is the 
standard deviation of the mean frequencies of the ten repetitions for each setting. This is 
about 300 kHz. From these two errors the largest is the former (900 kHz) so we choose to 
compare this to the errors caused by the sensitivities. 

The 900 kHz is significantly larger than the errors caused by temperature sensitivity 
(12 kHz) and it is slightly larger than the errors caused by the strain sensitivity (675 kHz). 
The latter comparison between the strain sensitivity error and the frequency measurement 
error suggests that the error may not be entirely dominated by the frequency 
measurement. Nevertheless because it is larger and because the error due to temperature 
sensitivity is significantly lower we choose to define the error upper bounds for temperature 
and strain with 

𝛿𝛥𝑇 ≤
𝑆𝑓

𝜀𝛿𝛥𝜈𝑠+𝑆𝑠
𝜀𝛿𝛥𝜈𝑓

𝛥

1

√𝑁
     (4) 

𝛿𝛥휀 ≤
𝑆𝑓

𝑇𝛿𝛥𝜈𝑠+𝑆𝑠
𝑇𝛿𝛥𝜈𝑓

𝛥

1

√𝑁
    (5) 

where 𝛿𝛥𝜈𝑠,𝑓 are the standard deviations of the frequency measurements for the fast- and 

slow axis and 𝑁 is the number of averaged frequency samples. 

6.6.3 Results 

We set the number of averaged samples 𝑁 to 500. Since the sampling rate is 1 kHz and 
we measure each point for 0.5 seconds, this means that we average all measured points 
under a specific strain setting. The read-out speed is 2 Hz (1 ksamples/s / 500 points). In Fig. 
7(a) the actual applied strain (orange) and calculated (blue) strain for the different settings 
is presented. The horizontal axis is the index of the measurement. The corresponding actual 
and calculated temperature variations are presented in Fig. 7(b). For the actual temperature 
we assume that no temperature changes occurred during the measurement. The error-bars 
represent the error calculated by (4) and (5). 

Almost all actual applied strain and temperature changes in the two plots fall within the 
error-bars of the calculated points. The calculated temperature fluctuates around 0 mK 𝛥𝛵 
with a maximum deviation below 1.5 mK in accordance with the temperature readings of 
the test setup. This illustrates that the system is able to discriminate the two effects reliably. 
There are only a few of the calculated points such as the points with index 2, 8 and 9 in 
Fig. 7(a) and index 8 in Fig. 7(b) which fall slightly outside of the error-bars. The probable 
causes will be discussed below. From our measurements and calculations we deduce a 
strain resolution of 14.3 nε and temperature resolution of 1.3 mK. 
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6.7 Discussion 

6.7.1 Errors 

The residues for the strain sensing, i.e. difference between the calculated and actual 
strain, are presented in Fig. 8. The spread of all points is less than 25 nε. By taking into 
account the quantization level of the VCA (8-bits with a range of ± 4 V) and the measured 
sensitivity (113 MHz/με), we calculate the resolution of our setup for the strain application 
to be about 37 nε. The residues are therefore below the resolution of the test setup. The 
estimated VCA resolution can explain why some points in Fig. 7(a) are outside the error-
bars. This is simply because the resolution of the sensing system is better than the strain 
actuator of the test setup we use. This issue was also observed from the residues of the 
fitting results for extracting the strain sensitivities which indicate this source of error due to 
the VCA digitization. Furthermore this might be causing a systematic error in the sensing 
system since most of the residues have the same sign (positive). 

An additional source of errors in the sensing system is the fact that the measurements 
of the frequency shifts 𝛥𝜈𝑓  and 𝛥𝜈𝑠 are performed in series and not in parallel. We try to 

Figure 7 The calculated (blue) and actual (orange) (a) applied strain and (b) temperature 
variations with an averaging of 500 samples. The horizontal axis represents the measurement 
index. The actual settings fall within the error-bars for almost all measurements. The 
estimated strain and temperature resolutions are 14.3 nε and 1.3 mK. 

(a) 

(b) 
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diminish the influence of this by performing ten measurements which last only five seconds 
and should not be influenced by temperature variations. The question “what happens if 
during the interrogation of one resonance the temperature slightly increases (decreases) 
and during the interrogation of the other in decreases (increases)?” arises. By inspection of 
(2), this would result in the applied strain to be overestimated (underestimated) and the 
temperature change underestimated (overestimated). In any case the error would increase. 
This could be the case for example for the measurement with index 8 where the strain is 
underestimated but the temperature change is overestimated. 

6.7.2 Resolution – sampling rate trade-off  

From the error expressions (4) and (5), the error is reduced with the square root of the 
averaged samples 𝑁. Increasing averaging establishes the instantaneous frequency and 
therefore the frequency shift 𝛥𝜈𝑠 and 𝛥𝜈𝑓  more accurately (assuming there are no long-

term drifts which will degrade the accuracy). Furthermore the number of averaged samples 
𝑁 in combination with the sampling rate 𝑓𝑠𝑚𝑝𝑙  of the frequency counter determines the 

read-out speed of the system as 𝑓𝑟𝑒𝑎𝑑 𝑜𝑢𝑡 = 𝑓𝑠𝑚𝑝𝑙/𝑁. In Fig. 9 the same data as in Fig. 7 are 

presented but with 𝑁 = 100 (instead of 500) which yields a read-out speed 𝑓𝑟𝑒𝑎𝑑 𝑜𝑢𝑡 =
10 𝐻𝑧. The increased read-out speed comes in the expense of reduced (worse) resolution 
due to less averaging. In this case the strain and temperature resolutions are 26.8 nε and 
2.5 mK. Almost all actual strain and temperature settings fall within the error-bars. 

In Fig. 10 we plot the calculated resolution from (4) and (5) for temperature and strain 
as a function of the averaged samples 𝑁. Both strain and temperature resolutions reduce 
steeply initially and for larger 𝑁 they improve slower. In this case the sampling rate 𝑓𝑠𝑚𝑝𝑙 of 

the frequency counter was 1 kHz. In general however the sampling rate of the frequency 
counter could be ten to hundred times higher, 10 to 100 kHz. For sampling rates above 

100 kHz, we expect the time-bandwidth product limitation to kick-in (1/(2𝜋 ∗ 1−5) =

Figure 8 The residues (difference between calculated and actual strain variations) for the 
different measurement points. The residues are lower than resolution of the strain actuator. 
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16 𝑘𝐻𝑧). Beyond the point where the time-bandwidth product appears, increasing the 
frequency counter sampling rate is not beneficial because further averaging would be 
needed anyway. 

Figure 10 Temperature and strain resolution of the sensing system versus the number of 
averaged samples N. 

(a) (b) 

Figure 9 The calculated (blue) and actual (orange) (a) applied strain and (b) temperature 
variations with an averaging of 100 samples.  The estimated strain and temperature resolutions 
are 26.8 nε and 2.5 mK. These resolutions are lower compared to averaging 500 samples but 
the read-out speed is 10 Hz which is a factor of 5 higher than with averaging of 100 samples. 

(a) 

(b) 
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In Fig. 11(a)2 we present the instantaneous beating frequency with no excitation for 
different sampling rates, from 100 Hz to 1 MHz. At sampling rates from 1 kHz and above we 
observe a disturbance with frequency around 220 Hz3. This is clearly shown in Fig. 11(b) 
where a shorter time interval is plotted. This is most likely a mechanical vibration, the origin 
of which is not known. It is however related to the FBG test setup since the free-running 

                                                           
2 The data in Fig. 11 are for lasers from another MPW run (SP21) and a different π-shifted FBG with a 

resonance width of 35 MHz FWHM. 
3 The disturbance at this frequency is the dominant one but one of almost equal amplitude at 415 Hz 
is also present. Furthermore the 50 Hz from the power grid and a harmonic at 100 Hz are visible but 
three times weaker 

(b) 
(a) 

Figure 11 (a) Instantaneous frequency recorded for different sampling rates and (b) instantaneous 
frequency with sampling rate of 100 kHz clearly shown the disturbance at ~220 kHz. This disturbance 
at relatively low frequency makes heavy averaging necessary thereby reducing the read-out speed of 
the system. (c) Instantaneous frequency fluctuations of raw (blue) and high-pass filtered (500 Hz cut-
off frequency, orange) data for 100 kHz sampling rate. 

(c) 
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laser does not exhibit this noise source in its frequency noise spectrum. The relatively low 
frequency makes the heavy averaging necessary thereby limiting significantly the read-out 
speed of the system. For example, for 100 Hz sampling rate in Fig. 11(a) there is already 
significant averaging taking place by the frequency counter and the disturbance effect is 
mitigated. We have calculated the standard deviation of the traces in Fig. 11(a) for different 
numbers of averaged samples 𝑁 and the corresponding read-out speeds. The standard 
deviation of the instantaneous frequency is dependent only on the read-out speed 𝑓𝑟𝑒𝑎𝑑 𝑜𝑢𝑡 
and not the sampling rate 𝑓𝑠𝑚𝑝𝑙. The standard deviation significantly decreases for effective 

sampling rates below 100 Hz because of averaging out the 220 Hz frequency. This clearly 
indicates how this disturbance makes the averaging necessary and how it results in a low 
sampling rate. This is however only due to the unknown noise source which causes non-
reproducible disturbances for the two polarizations. Read-out speeds at several kHz are 
possible if measurements are taken simultaneously. 

To analyse further the impact of the noise sources which are not relevant to the sensing 
system we have filtered the instantaneous frequency trace with 100 kHz sampling rate in 
Fig. 11(a) (purple) with a high-pass filter. The cut-off frequency was set to 500 Hz and the 
raw and filtered data are presented in Fig. 11(c). The spread of the measurement points is 
significantly reduced as expected. We calculated the standard deviation of the 
instantaneous frequency which is about five times lower (220 kHz) compared to our 
measurements on the strain and temperature discrimination. This indicates that the 
resolution could be improved by a similar factor if the effect of these disturbances is 
eliminated. 

Further improvement of the system resolution requires the reduction of 𝛿𝛥𝜈𝑠 and 𝛿𝛥𝜈𝑓  

in (4) and (5). These standard deviations are linked to the frequency stabilization of the 
lasers to the reference and the π-shifted FBG. The width of the FBG resonance (100 MHz) is 
more than hundred times wider than the FWHM of the etalon resonance (700 kHz) so the 
limiting factor is the locking to the FBG resonance. Nevertheless since the 𝛿𝛥𝜈𝑠 and 𝛿𝛥𝜈𝑓  

are below 1 MHz, we can conclude that a locking of at least to 1/100 of the resonance 
FWHM is achieved. Using a π-shifted FBG with a narrower resonance would allow a tighter 
locking of the laser and un improvement of the measurement accuracy for 𝛿𝛥𝜈𝑠 and 𝛿𝛥𝜈𝑓 . 

This argument also suggests that using fibres other than PMF (or SMF), such as micro-
structured fibres, is problematic in this context due to their higher propagation losses. These 
losses will also result in resonances with wider FWHM therefore degrading the system 
resolution. 

6.7.3 FBG quadratic response to temperature 

In the vast majority of the demonstrated strain and/or temperature sensors relying on 
FBGs, their frequency shift are considered linear. According to literature [24] however, this 
is not entirely accurate because a quadratic term is also present which can render the 
mathematical description in (1) inadequate. Nevertheless, in many cases the linearity 
assumption is accurate enough, depending on the temperature range and temperature and 
strain resolution of the sensor. 



Chapter 6 

112 
 

From the temperature sensitivity measurements that were performed, it was observed 
that the residues from the linear fitting show a very weak but nevertheless observable 
quadratic behaviour. This is illustrated in Fig. 12(a) where the residues of three identical 
measurements and linear fittings (as the ones in Fig. 6(a)) are shown for the fast-axis 
resonance. The residues are not randomly and evenly distributed around zero. In Fig. 12(b) 
the residues for second order polynomial fittings are presented. The points are now more 
evenly distributed around zero. Some fluctuations are still present which are attributed to 
the temperature fluctuations. The residues show a spread of 4 MHz corresponding to 3-
4 mK fluctuations. It should be reminded here that a single measurement for the extraction 
of the temperature sensitivity takes more than 4 minutes. The extracted quadratic 
coefficients vary from 2-4 MHz/K2, which is about 2 to 3 orders of magnitude lower than the 
linear term, with an error of about 1 MHz/K2. These values are in accordance with [24]. The 
relative error however is too large to accurately extract the quadratic coefficient with the 
given temperature range. To accurately determine the quadratic coefficients a larger 
temperature range should be used. 

The message here is the following: if a system is meant for a temperature range of 2 K 
and it is modelled with only linear temperature response, errors in the frequency shift up 
to 2 MHz will occur. This corresponds to temperature error of roughly 1.5 mK. In turn, these 
temperature errors correspond to about 15 nε. Even though these are rough calculations 
and here we do not implement an exhaustive study on the matter, they do illustrate that a 
sensing system with such a temperature range cannot overcome the 15 nε accuracy with a 
simple linear model such as in (1). A better approximation which includes the quadratic 
terms is necessary for the error not to be dominated by an intrinsic error of the model itself. 

 

(a) 
(b) 

Figure 12 Residues of the fitting to (a) a first order and (b) a second order polynomial of the 
frequency shift as a function of temperature. The three colours represent identical measurements 
in which a quadratic component in the residues of (a) is reproducible. The remaining fluctuations 
in (b) are due to temperature fluctuations. 
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6.8 Conclusions 

We have presented a sensing system for the discrimination of strain and temperature. 
The system is based on frequency stabilized lasers using the PDH technique with a PM π-
shifted FBG as transducer and a heterodyne read-out system with a frequency counter. This 
heterodyne read-out system enables read-out speeds ranging over several orders of 
magnitude (Hz-MHz) and it is the first time deployed for strain and temperature 
discrimination. We demonstrated strain and temperature resolutions of 14.3 nε and 1.3 mK 
at 2 Hz read-out speed. These are the best resolutions demonstrated in literature for 
simultaneous strain and temperature sensing to the author’s knowledge. Furthermore we 
demonstrated the trade-off between the resolution and read-out speed of the current 
system with resolutions of 26.8 nε and 2.5 mK at 10 Hz. The resolution and read-out speed 
are limited by a disturbance at 220 Hz. The read-out speed of the system can be increased 
at several kHz without compromising the resolution. We expect further improvement of the 
resolution by approximately a factor of 5 by eliminating this disturbance or by extending 
our system to 3 or 4 lasers for parallel instead of serial measurements. Finally, we briefly 
discussed the quadratic response of the FBG and how this can limit the resolutions of a 
sensing system to about 15 nε with temperature range above 1 K if only the linear shift is 
considered. 
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CHAPTER 7 

Microwave signal generation using actively 

frequency stabilised monolithically integrated 

InP-based lasers 

Abstract - We demonstrate the generation of microwave signals using 
stabilized integrated semiconductor lasers. The lasers are monolithically 
integrated on the same chip using InP active-passive integration technology. 
They are locked to different resonances of the same external optical cavity 
using the Pound-Drever-Hall locking technique. The locking is implemented 
by applying the negative electrical feedback on the reverse biased distributed 
Bragg reflectors (DBR) of the lasers. The generated microwave signal can be 
tuned discretely to frequencies that are multiples of the external optical 
cavity free spectral range. Examples of beat tones at 12.436, 24.8735 and 
40.4194 GHz are demonstrated. The linewidth of the generated signals at all 
frequencies is less than 40 kHz. The single-side-band phase noise is about -
54 dBc/Hz for frequencies offsets from the carrier at 12.436 GHz between 
1 kHz and 10 kHz and -60 and -67 dBc/Hz at 100 kHz and 1 MHz respectively. 
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7.1 Introduction 

High quality oscillators with wide tuneability in the microwave, millimetre (mm) wave 
and up to terahertz (THz) range are key components in high data rate wireless 
communications [1], radars [2], radio-over-fibre systems [3], imaging [4] and 
instrumentation [5]. Oscillators at frequencies higher than 100 GHz are necessary in order 
to exploit a larger part of the electromagnetic spectrum. Generation of up to several tens 
of GHz is commonly implemented by leveraging mature electronic technologies which are 
widely available. However, oscillators with low phase noise at increasing frequencies are 
more challenging to obtain [6] since this usually involves frequency multiplication if only 
electronic approaches are used [7] which increases phase noise. 

In the context of microwave and terahertz photonics field, generation of microwave and 
THz signals has been demonstrated by utilizing photonic instead of electronic technologies 
[8]. The advantages of photonic techniques include the generation of signals in a wider 
range of frequencies compared to electronic techniques and without the need of non-linear 
frequency multiplication, wide tuneability over several decades and the distribution of 
signals with low propagation loss through fibres instead of coaxial cables. Furthermore the 
integration prospect of several components used in microwave photonic techniques on a 
single photonic chip could lead to system miniaturization and reduction of cost and power 
consumption. 

Numerous photonic techniques are available for down-conversion from the near-
infrared wavelength region (optical domain) to microwave, millimetre-wave and/or THz 
frequencies. The simplest method is the heterodyne method [9], realised by mixing two 
single mode lasers on a photomixer with sufficient bandwidth. This technique suffers from 
the addition of the uncorrelated phase noise of the two lasers and if the lasers are free-
running, the stability of the generated frequency is rather poor. Alternatively two phase 
locked lasers can be used [10], the two modes of a dual-mode lasers [11] or the lines of a 
frequency comb which have correlated noise [12, 13] and result in a signal with lower phase 
noise. More schemes such as opto-electronic oscillators [14] and cascaded-Brillouin lasers 
[15] have been also demonstrated with exceptionally low phase noise. 

Here we focus on the heterodyne method which is implemented by heterodyning two 
frequency stabilized integrated lasers. The lasers are monolithically integrated on a single 
chip using InP active-passive integration technology [16] they are locked to a single optical 
cavity. The locking is implemented using the Pound-Drever-Hall (PDH) frequency locking 
technique [17]. The frequency difference of the two lasers can be discretely tuned at 
multiples of the free-spectra range (FSR) of the external optical cavity to which the two 
lasers are frequency locked. 

7.2 Stabilization of two integrated lasers to a single optical cavity 

In this section the principle of the deployed method is explained and the experimental 
setup used for the generation of microwave signals is presented.  
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Two lasers can be independently locked to the same external optical cavity using the 
PDH frequency locking technique. The lasers can be locked to different resonances of the 
cavity therefore their frequency difference will be n x FSR, where FSR is the free spectral 
range of the cavity and n is an integer. This is illustrated in Fig. 1. The frequency of the signal 
which is generated by heterodyning the outputs of the two stabilized lasers can therefore 
be discretely tuned at multiples of the cavity FSR. Since the transmission function of the 
cavity is periodic, the tuning range of the frequency difference of the lasers is only limited 
by the tuning range of the lasers. 

A schematic of the experimental setup is presented in Fig. 2 in which the two single 
mode lasers are integrated on a single InP chip. Both lasers are locked to the same optical 
cavity using two identical setups for the PDH frequency locking as the one discussed in 
Chapter 3. The FSR and full width at half maximum (FWHM) of the external Fabry-Perot (FP) 
cavity are 3.1 GHz and 700 kHz respectively. The phase modulated output of the two lasers 
fall onto the optical cavity, one on each of the two mirrors of the FP cavity. This is done in 
order avoid extra losses due to additional splitter/combiner needed in case they both enter 
from a single side. The two locking systems are independent apart from the shared external 
cavity. Only the two phase modulation frequencies are slightly different, 55 and 60 MHz, in 
order to avoid interference after the down-conversion. The error signal of one laser is not 
down-converted to DC at the mixer output of the other laser but to the frequency difference 
of the two modulation frequencies. The control loops of the two lasers are otherwise 
identical. The polarization of the light falling onto the cavity is also the same for the two 
lasers. The tones in the electrical domain are generated by mixing the two locked lasers on 
an external photodetector with 50 GHz bandwidth. 

The phase noise of the resulting microwave signal is a combination of two aspects. The 
first is the quality of the laser locking. The locking reduces the technical noise and intrinsic 

Figure 1. The two lasers can be locked to two different longitudinal modes of a cavity therefore 
discrete tuning of the generated signal is possible at multiples of the cavity FSR. 
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frequency noise of the laser at low frequencies where the control loop gain is effective. In 
our case the control loop has a bandwidth of about 500 kHz as discussed in Chapter 3. The 
second aspect is the white part of the frequency noise of the laser defined by the amplified 
spontaneous emission (ASE) in the laser cavity. The white noise is dominant at frequencies 
higher than the control loop bandwidth where technical noise is also not present (due to 
1/fa dependence of technical noise). The white noise power spectral density level of the two 
lasers used here is between 20 to 25 𝑘𝐻𝑧2/𝐻𝑧 (single-sided frequency noise) [18]. 
Moreover, the phase noise characteristics of the generated tones should be independent 
of their frequency. This is a valid assumption because the laser linewidth does not 
significantly differ over the tuning range of the lasers. This is true for semiconductor lasers 
in this technology in general and also demonstrated in Chapter 4 where the linewidth of an 
integrated laser in the same technology shows little dependence with respect to the lasing 
wavelength. The long-term stability of the generated tone and its central frequency is 
defined by the length stability of the optical cavity on which the lasers are locked. Any 
changes in its length due to vibrations or thermal effects will result in frequency shifts of 
the generated signal which are several orders of magnitude lower than the generated 
frequency.  More specifically, the frequency shift of the ith resonant frequency with cavity 
length variations is  

𝛥𝑓𝑖 = 𝑓
𝛥𝐿

𝐿
      (1) 

where 𝑓 is the frequency, 𝛥𝐿 the cavity length variation and 𝐿 the cavity length. The 
difference in FSR then can be then expressed as 

𝛥𝐹𝑆𝑅 = 𝛥𝑓𝑖 − 𝛥𝑓𝑖+1 = (𝑓𝑖 − 𝑓𝑖−1)
𝛥𝐿

𝐿
   (2) 

For a stable optical cavity with length of ~5 cm, similar to the one we use below, we can 
assume frequency shifts of a couple of MHz over long time intervals (several hours). E.g. for 

Figure 2. Schematic of the PDH frequency stabilization of the two integrated lasers on the 
same Fabry-Perot cavity but at different resonances. 
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5 MHz frequency shift we can estimate length variation of less than 1.5 nm from (1). If we 
want to generate a tone of 500 GHz, i.e. use two resonances 4 nm apart, the 𝛥𝐹𝑆𝑅 from (2) 
for a 1.5 nm length change is 15 kHz. This yields a stability of about 30 ppb. 

7.3 Microwave signal generation results 

The two lasers [18] used have the same cavity design as the lasers analysed in 
Chapter 21. The only difference between the two lasers are the SOA lengths which are 500 
and 750 μm long. They are monolithically integrated on the same chip as illustrated by the 
GDS layout in Fig. 3(a). The chip temperature is controlled by a watercooler which is set to 
18 °C. The output light of the two lasers is collected with two single-mode lensed fibres, one 
on each side of the chip. The output waveguides are angled with respect to the chip facet 
with is coated with anti-reflection coating to supress reflections. 

The two lasers are operated by the same battery powered current source (only one 
available) and the SOA current is distributed to the lasers using a current divider network 
with two potentiometers (Fig. 3(b)). Ideally two current sources could be used to facilitate 
independent tuning of the lasers. The maximum value of the two series resistances is 50 Ω. 
This resistance value is about 6 to 7 times larger than the series resistance of the laser’s 
SOAs which could contribute to the 1/f noise of the lasers. The resistors and their additional 
flicker noise could be avoided if two current sources would be used. We keep the total 
injected current constant and we change only the current distribution in the two branches. 
The two lasers and their frequency difference are tuned only by their SOA current through 
thermal tuning. We monitor the output of the two lasers using an optical spectrum analyser 
(APEX 2641B) and an electrical spectrum analyser (ESA, Agilent E4448A) after beating them 
on the 50 GHz photodetector (U2T XPDV-1020R). In Fig. 4 we show that we can continuously 
tune the difference of the lasing wavelengths of the two lasers for at least 50 GHz. The range 
studied was limited by the photodetector and ESA bandwidth. The RF power does not show 
very large variations over the whole range since the two lasers are operated in the linear 
region of their light-current curve. If we correct for the power density jump around 26.8 GHz 
which is due to the ESA, the RF power is constant within 4 dB. Only closer to 50 GHz there 

                                                           
1 The chip was fabricated in the framework of Smart Photonics multi-project wafer run SP21. 

(a) (b) 

Figure 3. (a) Two monolithically integrated single mode lasers on a single chip, (b) 
experimental setup for tuning the lasers. 
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is a decreasing trend because one of the two lasers is operating at higher current and the 
thermal roll-off starts kicking in. 

We have locked the two lasers on resonances with different spacing. In Fig. 5(a) to (c) 
three examples are presented with tones at 12.436 GHz, 24.8735 GHz and 40.4194 GHz 
respectively. The spectra were recorded with 51 kHz resolution bandwidth and 1.6 kHz 
video bandwidth. These frequencies correspond to 4, 8 and 13 FSRs. The effect of the 
frequency locking on the generated tone lineshape is clearly visible as in Fig. 5(d). The 
spectra were recorded with resolution bandwidth of 10 kHz and video bandwidth of 1.6 kHz 
with a single scan time of 500 ms. The blue trace is a single measurement and the orange is 
the data of an average of 50 measurements. The recording of 50 measurements took almost 
two minutes. The noise around the microwave tone is supressed up to the frequency offset 
where the control loop runs out of bandwidth. The effect of the locking system in the three 
cases is slightly different as can be seen from the side-peaks caused by the bandwidth roll-
off. This is attributed to small differences of the PID parameters used. In these three cases 
we obtain a FWHM of the tone lower than 40 kHz with a minimum of 30 kHz for the 
averaged spectra. 

The frequency noise of the locked lasers that were used for generating the 12.436 GHz 
tone was measured and it is presented in Fig. 6(a). Their frequency noise and therefore 
contribution to single-side band (SSB) phase noise of the microwave signal (Fig. 6(b)) is 
slightly different. Nevertheless, both lasers exhibit qualitatively the same behaviour. Noise 
is supressed more effectively in the frequency range from 1 kHz to 200 kHz. Below this range 
several spurious peaks appear which degrade the locking quality. At frequencies higher than 
200 kHz the control loop is becoming less effective. The wide peak at ~800 kHz is due to the 
phase lag of the control loop. A more detailed image of the quality of the generated signal 
at 12.436 GHz is presented in Fig. 6(b). The SSB phase noise is about -53 dBc/Hz from 1 kHz 

Figure 4. The lasers’ wavelength difference is continuously tuned over 
50 GHz by adjusting the SOA current of each laser. 
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to 10 kHz offset from the carrier. Then it drops to -60, -67 and -93 dBc/Hz at 100 kHz, 1 MHz 
and 10 MHz respectively. The effect of the control loop is also visible up to about ~1 MHz. 
In fact the phase noise is slightly increased at 0.8 MHz due to the control loop phase lag 
which is also visible in the laser frequency noise. Many of the spurious peaks in the laser 
frequency noise spectra are not present in the SSB phase noise spectrum. We believe this 
is due to their common noise sources. 

7.4 Discussion 

The SSB phase noise presented in Fig. 6(b) is lower than 50 dBc/Hz for all frequencies. 
This value of SSB phase noise is not as good as figures cited for the best performing state-
of-the-art examples for microwave photonic oscillators, especially when it comes to 
methods which rely on photomixing of coherent modes. For example in [14] where an opto-
electronic oscillator is presented and in [15] where a Brillouin cascaded laser-based 
synthesizer is demonstrated, the SSB phase noise is about -80 dBc/Hz at 1 kHz offset for 
both and -120 dBc/Hz and -160 dBc/Hz at 100 kHz offset.  

(a) (b) (c) 

(d) 

Figure 5. (a), (b) and (c) The microwave tones at 12.436 GHz, 24.8735 GHz and 40.4194 GHz 
generated by mixing the two locked lasers on a high-speed photodetector. The lasers are locked to 
resonance which are 3, 8 and 13 FSRs apart from each other. The resolution and video bandwidths 
are 51 kHz and 1.5 kHz respectively, (d) The tone at 40 GHz recorded with a narrower span and 
resolution and video bandwidth of 10 kHz and 1.6 kHz respectively. 
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The higher SSB phase noise is a result of the combination of the intrinsic linewidth of the 
lasers, the technical noise and the suppression of the frequency noise due to the feedback 
loop. For offset frequencies that fall within the bandwidth of out feedback loop (0.5 MHz), 
the noise can be reduced by further increasing the feedback gain. The reduction of phase 
noise for offset frequencies outside the present control bandwidth would require either 
increasing the control bandwidth and/or using lasers with even lower white frequency 
noise. 

In general, the heterodyne method is not considered the most attractive method of 
generating microwave signals with ultra-low phase noise. This is due to the poorer 
frequency noise of semiconductor lasers compared to traditional microwave oscillators, at 
least for frequencies <100 GHz. The specific method however for generating microwave 
signals has some different advantages. As mentioned in section 7.2 the tuning range of 
integrated lasers in this technology can be several tens of nm. The tuning range of such a 
photonic microwave oscillator can therefore be extended from a single FSR of the reference 
cavity (e.g. some GHz) to several hundreds of GHz and above THz. The generated tone over 
this range would have the same phase noise quality given that the laser linewidth does not 
vary significantly. 

7.5 Conclusions 

We demonstrated that two monolithically integrated InP-based lasers integrated on a 
single chip can be locked to the same optical cavity using the PDH frequency locking 
technique. The PDH is implemented with a single control loop and voltage control electro-
optic tuning therefore avoiding significant heat dissipation. The frequency difference of the 
stabilized lasers can be discretely tuned at multiples of the FSR of the external optical cavity 
and used for microwave signal generation. We presented generated tones at 12.436 GHz, 
24.8735 GHz and 40.4194 GHz, limited only by the bandwidth of the photodetector, with 

(a) (b) 

Figure 6. (a) Frequency noise of the two locked lasers used for the RF signal generation at 12.43 
GHz, (b) SSB phase noise of RF tone at 12.43 GHz. 
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FWHM <40 kHz. The tuning range can be extended by more than an order of magnitude by 
using lasers realised in the same technology, tuneable over tens of nm (several THz) which 
can be stabilized in the same way and the quality of the generated microwave signal is 
independent of its frequency. 
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CHAPTER 8 

Conclusions and outlook 

This last chapter contains a brief summary of the research and findings included in 
the thesis, the underlining conclusions and research line for future work. 

 8.1 Summary and conclusions 

This thesis presents research towards the realization and demonstration of a high-
resolution fibre-based sensing system for simultaneous measurement of strain and 
temperature. The sensing system relies on frequency stabilized InP based integrated lasers 
in combination with a PM π-shifted FBG and a heterodyne read-out system. In this context, 
the possibilities for applying the InP active-passive photonic integration technology used for 
the laser fabrication are also investigated. 

In the first chapter, the investigation of the effect of a ring resonator inside the cavity of 
monolithically integrated extended cavity multi-section DBR lasers on the intrinsic linewidth 
and spectral output is reported. Low intrinsic linewidth of the lasers relaxes the gain and 
bandwidth of the frequency stabilization scheme and enables higher-resolution for the 
sensing system. We have demonstrated lasers with SMSR well above 60 dB (up to 70 dB) 
supported by a steady-state spectral model and an intrinsic linewidth as low as 63 kHz in 
good agreement with theoretical calculations. Even though these intrinsic linewidth values 
are among the best for InGaAsP/InP QW-based lasers, improvement is needed to reach 
values for low-linewidth lasers in other integration technologies (heterogeneous integration 
with Si and SiN). Our calculations show that with the use of higher quality factor ring 
resonators which can be achieved by the replacement of MMIs with directional couplers, 
tailoring their power coupling coefficient and no changes in the current technology an order 
of magnitude of improvement is possible. 

In the following chapter the frequency stabilization and linewidth reduction of the above 
lasers down to 5 kHz using an optical reference cavity is demonstrated. We deploy the 
widely used PDH technique and the electrical feedback ιs applied on a DBR section of the 
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laser. The use of reverse bias electrical feedback offers a simpler alternative to the more 
traditional feedback on the SOA or current injection on a phase section with relies on both 
electro-optic and thermo-optic effects. In this caser the use of primarily electro-optic effects 
which do not negate each other (all effects exhibit the frequency shift with the same sign 
with increasing voltage) and allows the use of a single feedback loop without special design 
of the feedback loop frequency response. Furthermore, due to the low intrinsic linewidth 
of the laser (< 100 kHz) a control loop with 0.5 MHz bandwidth linewidth reduction is 
possible. 

The voltage-controlled electro-optic tuning is also deployed and investigated further in 
the context of a widely tuneable ring laser. The single-mode operation relies on the Vernier 
effect of two tuneable ring cavity filters. The rings are used to increase the effective length 
of the cavity and reduce the linewidth in the same way as in the previous chapter for the 
multi-section DBR lasers with the intra-cavity ring resonator. The ring cavity tuning in turn 
relies on reverse bias voltage operation. A tuning range of the laser of 34 nm is 
demonstrated with an SMSR above 50 dB over the whole range. The typical value for the 
intrinsic linewidth of the laser is 110 kHz, it does not significantly vary with biasing voltages 
on the ring filters and therefore over the tuning range. Furthermore, the power dissipated 
in each of the ring filters for tuning varies from the μW range up to 14 mW at the maximum 
10 V reverse bias voltage. On average however the dissipated power in a ring filter is 
1.4 mW which is at least an order of magnitude lower compared to thermo-optic and 
current injection tuning of lasers. Importantly, the trade-off between the ring circumference 
and the dissipated power is favourable to making the ring circumference longer which 
reduces the required voltage linearly but reduces the total tuning power dissipation super-
linearly. We also demonstrated the PDH frequency stabilization to a reference cavity and 
linewidth reduction of this laser using the voltage-control electro-optic tuning down to 
1 kHz for 1 ms observation times. 

The aforementioned PDH frequency stabilization was implemented using a bulk lithium 
niobate phase modulator. The possibility of using an InP-based electro-refractive phase 
modulator which can be monolithically integrated with the lasers was investigated. We 
conducted a steady-state analysis on the effects of the residual amplitude modulation on 
the frequency stabilization. The voltage dependent loss of the integrated phase modulators 
is characterized and it is found that optimum operation points exist due to the non-
monotonic voltage dependent propagation losses. At these points the DC offset in locking 
frequency of the laser due to the residual amplitude modulation can be minimized. Despite 
the results indicating that the use of an on-chip phase modulator would be sufficient for the 
desired locking accuracy, the implementation was not possible in the available photonic 
integration platform. Significant electrical cross-talk between the integrated laser and the 
phase modulator is present due to the electric field from the external phase modulator to 
the laser cavity and the finite resistance between the n-side of the chip and the ground. The 
electrical cross-talk is analysed and solutions for its elimination are suggested. 

The sensing system for discrimination of strain and temperature based on polarization 
diversity and a polarization maintaining π-shifted FBG is demonstrated. For the system two 
frequency stabilized integrated InP DBR diode lasers with intra-cavity ring filters are used. 
One laser is locked to a stable reference cavity and the other to one the two resonances 
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(polarisations) of the PM π-shifted FBG. The resonance frequency of the FBG is then derived 
from mixing the output of the two lasers on a frequency counter. The use of a frequency 
counter in strain sensing has been reported in literature, but not for a heterodyne system 
and not for the discrimination of strain and temperature. Its use is advantageous compared 
to other methods because it facilitates read-out speeds over several orders of magnitudes 
(Hz-MHz). The use of three lasers to monitor both polarisations in the fibre at the same time 
turned out to be impractical. This is due to the frequency separation of the two resonances 
which is 44 GHz. A frequency counter with bandwidth of at least 22 GHz is necessary but 
not available. Using the two laser system and measuring the two polarizations in sequence, 
we show a strain resolution of 14.3 nε and temperature resolution of 1.3 mK which are the 
best resolutions demonstrated for discrimination of strain and temperature sensing to the 
author’s knowledge. The most accurate results are obtained using a read-out speed of 2 Hz. 
This limit is due to mechanical disturbances and the averaging required to reduce the effect 
of the noise (due to taking the measurements not simultaneously). However, it is 
demonstrated that read-out speeds at the kHz (or even MHz) range are possible with a 
slightly reduced accuracy. 

With this system we demonstrated that despite the ill-conditioned linear equation 
system, it is possible to discriminate strain and temperature with nε and mK level 
resolutions thanks to the frequency stabilization of the lasers and the accurate 
measurement of the beating frequency. Even though the alleviation of the ill-conditioning 
of similar systems that aspire to simultaneously measure strain and temperature has been 
a long standing goal, at the moment there is no solution to it to the knowledge of the author. 
Alternative approaches such as use of a single grating as first and second order or spliced 
gratings with written on single-mode fibre and micro-structured fibre have not significantly 
improved this ill-conditioned problem. Furthermore, the use of micro-structured fibres for 
example in this sensing scheme might create different problems since the propagation 
losses are typically higher. This means that a π-shifted FBG cannot have a resonance as 
narrow as a PMF which would cause a less tight frequency locking. The most promising way 
forward is to accurately read-out the FBG resonant frequency using a tightly frequency 
stabilized laser. 

In the last chapter of this thesis we present an investigation into the microwave signal 
generation using frequency stabilized lasers. Two lasers are locked to two resonances of an 
external optical cavity and mixed on a photodetector to produce a microwave signal. We 
demonstrate the beat-note generation at 12, 24 and 42 GHz with a typical beat-note 
linewidth of less than 40 kHz and SSB phase noise below -50 dBc/Hz. The SSB phase noise 
performance is not as good as state-of-the-art microwave oscillators but further 
improvement is possible by decreasing the intrinsic linewidth of the lasers and increasing 
the gain and bandwidth of the control loop. Furthermore this method poses advantages as 
far as the tuning rage is concerned. The approach of using two lasers locked on the same 
cavity could be also useful for the extension of the sensing system with two reference lasers, 
instead of one. Each reference laser can be locked close (e.g. <6 GHz) away from each 
sensing laser to waive the necessity of a very high bandwidth frequency counter. 
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8.2 Outlook 

The outlook on three different aspects related to this research is given here; the 
integration of some components used in the frequency locking and sensing system, the 
reduction of the intrinsic linewidth of the InP lasers and the improvement of the sensing 
system resolution. 

8.2.1 Photonic Integration 

In the context and the framework of the development and demonstration of a sensing 
system with nε and mK resolution, the photonic integration aspect of this thesis is probably 
not particularly obvious. Essentially, the only components of the system which were 
integrated were the lasers. There are clear challenges if one wants to pursue further 
integration of the system. The first and most straightforward component we tried to 
integrate was the phase modulator used for the PDH frequency locking. Unfortunately, the 
electrical cross-talk between the modulator and the laser which directly modulated the 
laser output did not allow this configuration to function properly. This problem can be 
solved by revisiting the design process and adding grounds on the two edges of the 
modulator to more effectively confine the electric field. Alternatively a different integration 
InP-based technology (semi-insulating substrate) could be used. Nevertheless, in this 
scenario the requirements for electrical isolation need to be derived. 

Further integration of the system could be achieved by using on-chip photodetectors for 
the PDH locking system. This implementation would require careful investigation of the 
signal-to-noise ratio at the photodetectors. One should keep in mind the stray light from 
the lasers on the same chip which will lift the noise floor (dark current). This degradation of 
the noise floor results in reduction of the signal-to-noise ratio therefore limiting the 
frequency noise suppression of the laser. Furthermore, transimpedance gain would be 
required. A more straightforward integration step would be the integration of the 
photodetectors used in the read-out system. The bandwidth of the available 
photodetectors in this integration technology is sufficient for this purpose. The polarization 
diverse system would greatly benefit by combining/splitting the outputs of the fast- and 
slow-axis sensing lasers on-chip in order to reduce the number of optical inputs/outputs of 
the chip. The integration of polarization rotators and polarization beam splitters is 
necessary. The polarization rotators require technology development and integration to the 
current integration technology. On the other hand, polarization beam splitters can be 
designed in the existing technology. However, critical dimension control is very important 
and detailed analysis on the fabrication tolerances of such devices is necessary. Finally, in a 
realistic scenario multiple FBG sensors would have to be interrogated. Therefore the 
integration of several lasers on a single chip would be a great benefit. Even though the 
integration of multiple lasers is a straightforward step, thermal and electrical cross-talk 
challenges should be addressed. 
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8.2.2 Laser intrinsic linewidth 

Great effort has been put by the scientific and industrial communities in recent years to 
reduce the fundamental linewidth of semiconductor lasers from the MHz level to the kHz 
level and even below. This trend was mostly due to coherent optical communications. Up 
to this date the lowest linewidth lasers are extended cavity lasers realized in 
hybrid/heterogeneous integration technologies with silicon and silicon nitride due to the 
very low-loss passive waveguides (e.g. 1-5 dB/m) and commonly through the use of multiple 
high-Q ring resonators. 

The outcome of this thesis shows that using the current component library and existing 
standardized InP technology, sub-100 kHz intrinsic linewidths can be achieved. Further 
reduction in intrinsic linewidth by an order of magnitude, in the sub-10 kHz level, is possible 
by revisiting some design choices in combination with improvements in fabrication 
technology. The limiting factor at the moment is the excess insertion loss of the MMIs 
(typically 0.5 - 1 dB) and the fixed splitting ratio (50:50). The alternative in order to dismiss 
the excess insertion loss and tailor the coupling coefficient is their replacement by 
directional couplers. However, for robust and reproducible fabrication of directional 
couplers, control of critical dimensions such as etch depth and waveguide width is 
necessary. This was a reason for adopting the use of MMI couplers in the past but with the 
advances of fabrication technology it might be possible to already start using directional 
couplers in a reliable way. Beyond these modifications, the development of low-loss passive 
waveguides would enable the realization of even higher quality factor resonators. Currently, 
the propagation loss of the passive waveguides (~2-3 dB/cm) is limited by the doping level 
in and around the guiding layer. Significantly lower propagation loss for InGaAsP/InP 
waveguides have been demonstrated (0.4 dB/cm) but the fabrication process has not been 
demonstrated in an InP active-passive integration platform. The internal loss of the SOAs 
can also be very high (~20-35 cm-1, highly dependent on carrier density) thereby resulting 
in significant degradation of the laser linewidth. Finally, as intra-cavity losses reduce 
therefore allowing higher intra-cavity intensities, non-linear losses such as the two-photon 
absorption and subsequent free-carrier absorption will become more significant. It has 
been shown in literature that such non-linear losses can be mitigated by biasing ridge PIN-
type waveguides. This is a good reason for keeping biased the passive sections of an 
extended cavity laser. 

8.2.3 Fibre-based strain and temperature discrimination 

The disturbances limiting the demonstrated performance of the strain sensing system 
can be overcome either by sufficiently isolating the system or by performing the 
measurement of the two polarisations in parallel, instead of in series (which limits the 
reproducibility due to these disturbances). To this end one or two more stabilized laser 
systems are necessary. In case of an extra laser (locked to the FBG), a way to down-convert 
the frequency such that it lies within the frequency counter bandwidth is necessary. In a 
different scenario an additional laser can be locked to the reference etalon acting a second 
reference. 
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In the above implementations, the resolution should be ultimately limited by the 
linewidth of the stabilized lasers and more specifically the linewidth of the laser locked to 
the FBG. To improve the resolution, the frequency noise at low frequencies (<100 kHz) and 
therefore the linewidth of the laser needs to be further suppressed. To obtain a steeper 
slope of the error signal and increase the signal-to-noise ratio at the photodetector, a π-
shifted FBG with narrower resonance should be used. To the author’s knowledge π-shifted 
FBGs with FWHM less than 30-40 MHz are not available, nevertheless this is still 3-4 times 
narrower that the gratings used in this demonstration. A complementary solution is to 
choose a higher modulation frequency which would also help to improve the error signal 
since the condition for much higher modulation frequency than the FWHM is not met at the 
moment. If the frequency locking to the π-shifted FBG is ultimately limited by the signal-to-
noise ratio on the photodetector (used in the Pound-Drever-Hall frequency locking), an 
order of magnitude improvement on the locking should be possible. 

Furthermore, during the system realization and the measurements several technical 
issues arose. For example many as spurious signals at different frequencies appeared, the 
precise origin of which is to this moment not known. It is however very likely that vibrations 
of the lensed fibre used for the optical coupling are responsible. The system is very sensitive 
to vibrations and air flow around the experimental setup. Better mechanical isolation of the 
system would be beneficial to its stability. To this end it would also be beneficial if a Peltier 
element is used for temperature control instead of a watercooler which was deployed.  

The reference laser’s stability was sometimes compromised over long time intervals 
(tens of minutes). The most probably cause is the misalignment of the incident light 
polarization with respect to the crystal orientation of the phase modulator. This 
misalignment may be caused by the temperature-dependent birefringence of the crystal 
which causes the different polarization components of the laser beam to accumulate 
different phase. This effect results in an effective rotation of the propagating field and a 
sub-sequent residual amplitude modulation with varying DC offsets. More mechanisms 
might cause time-dependent birefringence of the crystal such as variations of optical 
intensity and unwanted power variations of the local RF oscillator. The first and simplest 
step to counteract this effect would be the temperature stabilization of the phase 
modulator. If this turns not to be adequate, more sophisticated techniques with active 
stabilization can be deployed. With the above modifications, the locking system can 
improve the short- and long-term stability of the laser and offer a higher accuracy of the 
sensing system for longer operation times. 



 

APPENDIX A 

Frequency noise and time-dependent linewidth 

A.1 Introduction 

The aim of this appendix is to offer the reader an insight in the interpretation of the laser 
frequency noise and its implications on the linewidth which is a time-dependent metric 
rather than a constant parameter. This is a direct implication of the presence of the 
technical 1/𝑓 noise, additionally to the fundamental white noise due to the amplified 
spontaneous emission in the laser cavity. The latter is responsible for the Lorentzian 
linewidth and the former for its broadening which occurs in the form of a Gaussian 
component in the lineshape. 

The most common figure for quantifying the short-term stability or spectral purity of a 
laser output is inarguably the so-called linewidth. Understandably, it is attractive and simple 
to use a single number to highlight the quality of a laser output. Indeed many times the 
metric of linewidth is enough to convey the necessary information. Many other times 
however a single number for the linewidth is incomplete, inadequate and could even lack 
significance if no additional information on its timescale are attached to it. The adequacy or 
inadequacy of linewidth as a constant parameter is a matter of timescales as explained in 
more detail below. But first we quote two simple and intuitive examples. 

In the optical communications world linewidth as a single number is usually enough. This 
is simply because the data encoding, i.e. modulation, typically happens at tens of GHz 
frequencies therefore ns or sub-ns timescales. Every noise source and drift of the laser at 
longer timescales is irrelevant (given that the drift is within the standardized limits, e.g. 
channels allocated to a wavelength division multiplexing scheme). On the other hand, in 
applications like sensing or metrology typically much longer timescales (from μs up to s) are 
involved. In these much lower frequencies, the 1/𝑓 technical noise and drifts are present 
and they therefore do matter. 
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As explained in Chapter 1, an ideal laser exhibits purely white frequency noise due to 
the amplified spontaneous emission with no 1/𝑓 technical noise being present. In this case, 
the linewidth of the laser is purely Lorentzian. Moreover, the linewidth is entirely 
independent of the timescale exactly because the frequency noise is white. No matter for 
how long the linewidth is observed, the power spectral density of the observable frequency 
noise properties remains the same (white). In practice this scenario never occurs however. 
Therefore not only the resulting linewidth but also the resulting lineshape depend on the 
properties of the frequency noise which might include 1/𝑓 noise, spurious spikes from 
electronics or vibrations, suppression of noise due to frequency stabilization etc. 
Furthermore, as one might expect, in a realistic scenario, the linewidth depends on the 
measurement/observation time. This is related to the lowest Fourier frequencies from the 
frequency noise spectrum that can be observed. This implication is of course in contrast 
with the purely white noise frequency noise spectrum where regardless the measurement 
time no additional frequency components will be measured because they do not exist. 

In this appendix a simple approach for estimating the linewidth of the laser based on its 
frequency noise is explained. The analysis of this approach can be found in full in [1] and a 
validation of it in [2]. 

A.2 Spectrum evolution – From Lorentzian to Gaussian 

In Chapter 1 (section 1.5), it was shown that ideally a laser exhibits a Lorentzian 
lineshape which is intrinsic and it is due to its white frequency noise (the probability of a 
spontaneous emission events is constant per time unit). It was also explained that in reality 
more noise sources (technical noise) are present which may affect both the lineshape 
(Gaussian, Voigt) and linewidth. Here we present a more detailed explanation on the 
evolution of the lineshape and the conditions under this may happen. 

Let’s consider the frequency noise of a laser to be white, not at all frequencies from 0 Hz 
to +∞ but only up to a cut-off frequency 𝑓𝑐 with a level of ℎ0 (in 𝐻𝑧2/𝐻𝑧). This low-pass 
filtered noise can be expressed as 

𝑆𝜈(𝑓) = {
   ℎ0      if 𝑓 ≤ 𝑓𝑐

    0        if 𝑓 > 𝑓𝑐
                 (1) 

As explained in Chapter 1, the expression that gives the Fourier transform of the 
autocorrelation function, i.e. lineshape, is 

𝑆𝐸(𝜈 − 𝜈0) = 𝐸0
2 ∫ 𝑒−[𝑗2𝜋(𝜈−𝜈0)𝜏]𝑒(− ∫ 𝑆Φ(𝑓)[1−cos 2𝜋𝑓𝜏]𝑑𝑓

∞
0 )𝑑𝜏

∞

−∞
               (2) 

where 𝑆𝜑(𝑓) is the phase noise power spectral density as explained in Chapter 1. This 

expression can be solved analytically if we assume infinitely white noise thus yielding the 
Lorentzian lineshape. This assumption is the limit of (1) for 𝑓𝑐 → +∞. It turns out however 
that (1) can also be solved analytically for the limit 𝑓𝑐 → 0 (but not zero) which yields a 
Gaussian lineshape. For any other value of 𝑓𝑐, (2) cannot be solved analytically but it can be 
evaluated numerically. 
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By doing so, it has been shown that two distinct regimes for the lineshape appear. These 
are 𝑓𝑐 ≪ ℎ0 and 𝑓𝑐 ≫ ℎ0 where the lineshape is Gaussian and Lorentzian respectively. 
Starting from 𝑓𝑐 ≪ ℎ0, the linewidth increases with increasing 𝑓𝑐 until it finally becomes 
Lorentzian because the noise is contributing more to the tails of the lineshape and the 
linewidth ceases to increase. By also evaluating the linewidth for a range of cut-off 
frequencies 𝑓𝑐, these two regions become apparent. The frequency at which this transition 
between the two regimes happens is 

𝑓𝑡𝑟 =
𝜋2ℎ0

8 ln(2)
             (3) 

The above example is very specific and not necessarily physical but it can be extended to 
any other arbitrary frequency noise spectrum. Nevertheless it demonstrates that the 
frequency noise spectrum can be separated into two regions which contribute to the 
linewidth in an entirely different manner: 

i. 𝑆𝜈(𝑓) > 8 ln(2) 𝑓/𝜋2: The Fourier frequencies in this region are lower than the 

power spectral density at these frequencies. Therefore it leads to slow but large 
frequency deviations. The net effect is the contribution of this noise to the 
widening of the central part of the lineshape which becomes Gaussian. 

ii. 𝑆𝜈(𝑓) < 8 ln(2) 𝑓/𝜋2: Contrary to (i), the Fourier frequencies of the frequency 

noise in this region are much higher than its amplitude. In practice this frequency 
noise contributes not to the central part of the lineshape, the linewidth, as in (i) 
but only to its tails. 

A.3 Linewidth calculation and minimum bandwidth for linewidth 
reduction 

At this point it has been established that two different regions in the frequency noise 
spectrum exist; one contributing to the laser linewidth and one not. The next question is 
how we can distinguish this two regions and if it is possible to calculate the linewidth from 
the frequency noise. 

In [1] it is shown that the line separating these regions is 

𝛽𝑠𝑒𝑝(𝑓) =
8 ln(2)𝑓

𝜋2                    (4) 

and it is called β-separation line. This is in fact just solving (3) for ℎ0 which now becomes 
the dependent variable 𝛽𝑠𝑒𝑝(𝑓) while the 𝑓𝑡𝑟 becomes frequency 𝑓, the independent 

variable. Only the regions for which 𝑆𝜈(𝑓) > 𝛽𝑠𝑒𝑝(𝑓) holds, contribute to the linewidth. 

Furthermore, it has been shown that a simple expression can be used to calculate the 
linewidth from the frequency noise. This is 

𝐹𝑊𝐻𝑀 = (8 ln(2)  𝐴)1/2    (5) 

where 𝐴 is the area that contributes to the linewidth and can be expressed as 

𝐴 = ∫ 𝐻 (𝑆𝜈(𝑓) − 𝛽𝑠𝑒𝑝(𝑓)) 𝑆𝜈(𝑓)𝑑𝑓
∞

1/𝑇0
   (6) 
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where 𝐻(𝑥) is the unit step function (𝐻(𝑥) = 1 if 𝑥 ≥ 0, else 𝐻(𝑥) = 0) and 𝑇0 is the 
measurement time. Effectively the integration starting from frequency 1/𝑇0 limits the 
observation of lower Fourier frequencies therefore preventing the measurement of further 
broadening of the linewidth due to the technical noise at low frequencies for example 1/𝑓 
noise in practical cases. 

Expression (5) is a useful tool for estimating the expected linewidth at different 
timescales by measuring the frequency noise of the laser. Such measurements would be 
impractical if for example a delayed self-heterodyne setup would be used because different 
fibre delays would be necessary. Furthermore other implications such as the 1/𝑓 noise of 
the fibre delay could influence the measurements [3]. 

The expression (5) describing the linewidth broadening due to noise at low Fourier 
frequencies can be also applied for linewidth reduction schemes. For example if one is 
designing a control loop for a locking system, ideally one has to know how much is the 
minimum bandwidth of the control loop to obtain linewidth reduction. In other words, what 
part of the frequency noise contributes to the linewidth and needs to be suppressed. Based 
on the above analysis it can be shown that the minimum bandwidth is  

𝑓𝑚𝑖𝑛𝐵𝑊 =
𝜋2ℎ𝑜

8 ln (2)
      (7) 

If this bandwidth condition is met, the linewidth of a laser can be effectively supressed. The 
minimum noise level to which the frequency noise of the laser can be supressed is a matter 
of the specific locking implementation and it is out of the scope of this appendix. 

A.4 Time dependent linewidth and frequency noise of a free-
running semiconductor laser – An example 

In order to illustrate more clearly the link between frequency noise and linewidth’s time 
dependence, an example will be given here based on experimental data. These data are for 
the widely tuneable ring laser presented and analysed in Chapter 4. 

In Fig. 1(a) the single-sided frequency noise of the laser (operated at 130 mA and lasing 
at about 1550 nm) is presented. More details on the experimental setup can be found in 
Chapter 4 and will not be discussed here. In the same plot, the β-separation line calculated 
from (4) (black dashed line) is also plotted. The two cross each other at slightly below 
100 kHz which indicates that only (1/𝑓, technical) noise below this frequency contributes 
to the broadening of the linewidth. The white noise level around 30-40 MHz multiplied by 
π corresponds to the laser intrinsic linewidth which is about 100 kHz. 

By numerically calculating the area below the frequency noise and using (5) we can 
calculate the linewidth of the laser. The area is dependent on the integration range, i.e. 
frequency range which corresponds to an observation, i.e. measurement time. Therefore 
the linewidth is dependent on this measurement time as aforementioned. In Fig. 1(b) the 
calculated linewidth is presented as a function of the inverse observation time 
1/𝜏𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 which is just the Fourier frequency axis. Starting from the right part of the 
plot in Fig. 1(b) (shortest observation time) the linewidth is equal to the intrinsic linewidth 
because there is no contribution from technical noise. This is true for observation times up 
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to about 10.8 μs (92 kHz). Once the observation time increases beyond this point, the 
linewidth also increases. Based on the measured frequency noise one would expect a 
linewidth of 300 kHz for an observation time of 1 ms. It is also visible how the spikes at 
830 Hz and 4.6 kHz create an abrupt increase in linewidth (discontinuity of the curve). 

Next we perform a measurement of the laser output under the same conditions using a 
delayed self-heterodyne setup. The delay line in the setup is 25 km which corresponds to 
roughly 120 μs, assuming a typical effective index of 1.5 in the fibre. The amount of delay in 
a delayed self-heterodyne setup indicates that only effects which are faster than the delay 
can be observed, meaning that only Fourier frequencies above 1/120 μs corresponding to 
8 kHz are observable. In Fig. 1(c) the measured linewidth is presented which shows a 3 dB 
FWHM of about 220 kHz. This linewidth is wider than the intrinsic (Lorentzian) linewidth of 
the laser. Nevertheless this is expected because it was already shown that technical noise 

(a) 

(b) 

Figure 1 (a) Frequency noise of the free-running semiconductor laser (blue) and β-separation line 
(black dashed line), (b) Calculated linewidth as a function of the inverse observation time (blue). The 
vertical and horizontal red dashed lines indicate the observation time of 120 μs (25 km delay in fibre) 
and the corresponding calculated linewidth (230 kHz) respectively. (c) Linewidth measurement using 
a delayed self-heterodyne setup with 25 km delay line with 3 dB FWHM of 220 kHz. 

(c) 
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below 92 kHz Fourier frequency contributes to the linewidth broadening. We can now 
compare the measured linewidth of 220 kHz with the expected linewidth at 8 kHz which is 
230 kHz. The two values are in good agreement. 

As a concluding remark it should be clarified that the expected/observed linewidth is 
not just a matter of measuring this linewidth using for example a delayed self-heterodyne 
setup as above. The measured linewidth at a specific observation time is the linewidth one 
should expect from the laser at this timescale and as a part of a system, this linewidth is 
linked to the performance of the system. 
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APPENDIX B 

Measurement of two-photon absorption in 

InP/InGaAsP waveguides 

B.1 Introduction 

Two-photon absorption (TPA) is the simplest form of multiphoton absorption. In the TPA 
process two photons with individual energies lower than the material bandgap energy (𝐸𝑔) 

excite a single electron from the valence band to the conduction band (Fig. 1) therefore 
creating an electron-hole pair. The energies of the two photons can be either equal 
(degenerate TPA) or unequal (non-degenerate TPA) but their sum must be equal or larger 
than 𝐸𝑔. Intuitively TPA happens when a first photon excites an electron to a so-called 

“virtual state” which lies within the energy bandgap and a second photon excites the same 
electron from this “virtual state” all the way to the conduction band. A “virtual state” is a 
theoretical concept. It lies within the bandgap but the electron excitation from the valence 
to the conduction band is possible through it, if the light intensity is high enough. TPA is 
therefore an intensity dependent non-linear absorption process. In practice, this absorption 
process limits the intensity passing through media that are transparent at low intensity. TPA 
is especially pronounced is integrated photonic waveguides where high confinement of light 
in small cross-section yields high intensities. The light intensity 𝐼 along the propagation 
direction 𝑧 when TPA is present is phenomenologically described by  

𝑑𝐼(𝑧)

𝑑𝑧
= −𝛽𝑇𝑃𝐴𝐼(𝑧)2     (1) 

where 𝛽𝑇𝑃𝐴 is the TPA coefficient which is measured in 𝑐𝑚/𝐺𝑊. In (1) no other loss 
mechanisms are included except TPA. 

TPA is the basic process, or one of the basic processes, deployed for applications such 
as TPA spectroscopy [1], frequency conversion [2] and all optical switching [3]. However, it 
can be harmful by causing undesired effects as well, such as significant additional 
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propagation losses when a high intensity beam propagates in a waveguide [4]. This is 
relevant to communication applications where hundreds of mW pass through an integrated 
waveguide. Moreover, it has been suggested in literature that TPA can be a mechanism 
contributing to the linewidth floor [5, 6] of single mode continuous wave semiconductor 

lasers. Furthermore, in processes where the third order non-linearity (𝜒(3)) of a material is 
exploited such as for single-photon generation, TPA can significantly decrease the 
generation rate of single-photons [7]. 

Additionally, TPA can cause indirect losses due to free-carrier absorption (FCA). FCA is 
associated with both electrons excited to the conduction band and holes in the valence 
band [8]. Free-carriers generated by the TPA can absorb more photons and be excited to 
the next conduction band. An intermediate step might be necessary, moving from the Γ-
valley to the X-valley with the subsequent change in the k-vector (momentum). On the other 
hand, the holes in the valence band can also be filled by electrons from the lower intra-band 
states. Intra-band transitions between the heavy-hole, light-hole and split-off bands can 
greatly contribute to propagations losses and they are greatly wavelength dependent. 

In [9], Stryland et al. proposed the z-scan method for measuring the TPA through 
samples of known thickness using the transmission of ps-second laser pulses. The pulsed 
operation of these measurements is very important to ensure that only TPA losses are 
measured and not any other indirect non-linear losses such as FCA. In a more recent article 
by Gil-Molina et al. [10] a time-resolved pump and probe experiment was demonstrated 
with theoretical analysis for determining the TPA in an un-doped silicon nano-wire. Here, 
we quantify the TPA coefficient in InP/InGaAsP waveguides with bulk Q1.25 material as 
guiding layer. All passive integrated devices (passive waveguides, phase modulators, 
distributed Bragg mirrors) used and studied throughout this thesis are based on the same 
technology [11] and made in this material system. 

B.2 Methodology 

Contrary to the two aforementioned methods used in [9, 10] where the TPA coefficient 
is calculated based on transmission of optical power through a sample and a waveguide 

Figure 1. Two-photon absorption process representation. 
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respectively, we will quantify the TPA coefficient by measuring the photo-current through 
an electro-refractive modulator (ERM) under DC conditions. 

The ERMs in the InP active-passive integration technology discussed throughout this 
thesis have the same cross-section as the passive waveguides. The guiding layer is 500 μm 
thick and made out of InGaAsP quaternary material with bandgap at 1.25 μm (Q1.25). The 
passive waveguides and ERMs differ only because the latter include InGaAs and 
metallization layers above the InP p-doped cladding. The photo-current flowing through an 
ERM, which is a PIN diode, can be measured by electrically probing it. Here we will assume 
that when light travels through the waveguide, all or at least the vast majority of generated 
carriers are generated due to TPA. This assumption is valid because: 

i. The bandgap energy of the guiding layer is much higher (0.99 eV for 1.25 μm) than 
the photon energy at 1.55 μm (0.8 eV) therefore carriers generated due to single 
photon absorption should be negligible. 

ii. The dark current flowing through the ERM is in the order of some nA for 0 V bias. As 
we will show, as soon as some μW of light pass through the ERM, the photo-current 
increases by more than an order of magnitude therefore the dark current should be 
negligible. 

The third assumption which is made, is that the intensity of light is constant over the length 
is the ERM. This means that we neglect passive waveguide loss (<3 dB/cm) and assume no 
or negligible FCA. Biasing the ERM means that practically all generated free-carriers are 
swept out of the guiding layer. The free-carrier recombination lifetime in this case should 
be at least an order of magnitude lower compared to typical lifetimes which are some 
hundreds of ps or longer. The biasing of a waveguide based on a PIN diode in order to sweep 
out the carriers and avoid FCA is an approach that has been used successfully to increase 
single photon generation [12, 13] as well.  

The measurement value of the photo-current can directly be translated in to a carrier 
concentration in the ERM by assuming a carrier lifetime since the electron charge and 
volume of the ERM are both known. To be more precise, the carrier lifetime is the extraction 
time of the electrons from the PIN diode which is much shorter than the recombination 
lifetime due to biased ERM. The carrier concentration 𝑁 is calculated from 

𝑁 =
𝐼𝐸𝑅𝑀𝜏𝑐

𝑒𝑉
     (2) 

where 𝐼𝐸𝑅𝑀  is the measured current, 𝜏𝑐  the assumed carrier life time, 𝑒 the electron charge 
and 𝑉 the volume of the quaternary layer in the ERM. This is in contrast with the procedure 
followed in [9] and other literature where the carrier concentration is calculated based on 
the transmitted power rather than directly being measured as here. The following 
mathematical treatment however is the same. 

The carrier generation rate in the ERM intrinsic region can be expressed as 

𝑑𝑁

𝑑𝑡
= 𝑎′𝑃𝐸𝑅𝑀 + 𝑏′𝑃𝐸𝑅𝑀

2 −
𝑁

𝜏𝑐
   (3) 

where 𝑃𝐸𝑅𝑀  is the optical power in the ERM, 𝑎′ and 𝑏′ are coefficients relating the carrier 
generation rate with the propagating optical power. In the steady-state, i.e. 𝑑𝑁/𝑑𝑡 = 0, 
the carrier concentration 𝑁 is  
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𝑁 = 𝑎𝑃𝐸𝑅𝑀 + 𝑏𝑃𝐸𝑅𝑀
2     (4) 

where 𝑎 = 𝑎′𝜏𝑐  and 𝑏 = 𝑏′𝜏𝑐. This is just a scaling of 𝑎′and 𝑏′ by the carrier lifetime. The 
two coefficients are related to single-photon absorption (SPA) and TPA. The units for these 
coefficients used here are 𝑐𝑚−3𝑚𝑊−1 and 𝑐𝑚−3𝑚𝑊−2 respectively. 

The carrier concentration change 
𝑑𝑁

𝑑𝑡
 can be also expressed in terms of intensity to include 

the TPA coefficient 𝛽𝑇𝑃𝐴 as used in [10] 

𝑑𝑁

𝑑𝑡
=

2𝜋 𝑎𝑆𝑃𝐴

ℎ𝜔
𝐼 +

𝜋 𝛽𝑇𝑃𝐴

ℎ𝜔
𝐼2 −

𝑁

𝜏𝑐
   (5) 

where ℎ is Planks constant, 𝜔 the angular frequency of the light, 𝐿 the ERM length and 𝐼 =
𝑃𝐸𝑅𝑀/𝐴𝑒𝑓𝑓. The effective area 𝐴𝑒𝑓𝑓is the propagating mode effective area. The 𝐴𝑒𝑓𝑓 is 

calculated using a commercial mode solver (Lumerical Mode Solutions) and its value is 
0.45 𝜇𝑚2. The effective area 𝐴𝑒𝑓𝑓 is smaller compared to the area of the guiding quaternary 

layer (0.5 𝑥 1.5 𝜇𝑚2). In (5) the assumption that the light intensity does not vary in time 
and over the length of the ERM is made. Since we are using low input power levels this is a 
valid assumption. In steady-state and by expressing the intensity in terms of power, (5) can 
be expressed as 

𝑁 =
2𝜋 𝑎𝑆𝑃𝐴𝜏𝑐

ℎ𝜔

𝑃𝐸𝑅𝑀

𝐴𝑒𝑓𝑓
 +

𝜋 𝛽𝑇𝑃𝐴𝜏𝑐

ℎ𝜔

𝑃𝐸𝑅𝑀
2

𝐴𝑒𝑓𝑓
2    (6) 

From (4) and (6) we can conclude that 

𝑎𝑆𝑃𝐴 =
𝑎ℎ𝜔𝐴𝑒𝑓𝑓

2𝜋 𝜏𝑐
     (7) 

𝛽𝑇𝑃𝐴 =
𝑏ℎ𝜔𝐴𝑒𝑓𝑓

2

𝜋 𝑡𝑐
     (8) 

Using expressions (7) and (8) we can therefore calculate the SPA and TPA from 𝑎 and b. The 
latter two parameters can be extracted from a quadratic fitting of (4) and 𝑁 is 
straightforward to measure for different power levels 𝑃𝐸𝑅𝑀 . Finally, it should be noted that 
𝑎𝑆𝑃𝐴 and 𝛽𝑇𝑃𝐴 are not dependent on the carrier lifetime 𝜏𝑐. This is due to the dependence 
of 𝑎 and 𝑏 from 𝜏𝑐  which finally cancels out the dependence of 𝑎𝑆𝑃𝐴 and 𝛽𝑇𝑃𝐴. 

B.3 Experimental setup 

A schematic of the measurement setup is shown is Fig. 2. The chip1 is temperature 
controlled using a watercooler set to 18°C. The output of a tuneable laser source (TLS, 
Agilent 81600B) is set to 10 dBm and tuned from 1510 nm to 1610 nm. Then it passes 
through a variable attenuator (JDS Uniphase HA9). The output power of the TLS remains 

                                                           
1 The chip was fabricated in the framework of Smart Photonics multi-project wafer run SP21. 
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constant and the attenuator is used to set the power launched to the chip. The light is 
coupled to the chip using a lensed polarization maintaining fibre. The input light is TE 
polarized and the facets of the chip are coated with anti-reflection coating to suppress 
reflections. The ERM is 500 μm long, deep etched with 1.5 μm width. Its photo-current is 
monitored using a source-meter (Keithley 6202B) which is set to 0 V. The light exiting the 
chip is collected with a single mode lensed fibre and measured using a power sensor (Agilent 
81636B). For different attenuation settings and therefore input powers and intensities we 
measure the ERM photocurrent 𝐼𝐸𝑅𝑀. 

B.4 Results and discussion 

In Fig. 3(a) the measured photocurrent 𝐼𝐸𝑅𝑀  is presented as a function of the estimated 
optical power in the ERM for 1550 nm. For the power in the ERM we estimated that the 
chip-fibre coupling loss is 4.5 dB, based on the transmitted power through the chip. 
Assuming 10 ps carrier recombination lifetime and volume 𝑉 = 375 𝜇𝑚3, the carrier 
concentration in the guiding Q-layer of the ERM is calculated from (2) and presented in 
Fig. 3(b). A second order polynomial is fitted to the data (red line) using (4). The coefficients 
𝑎 and 𝑏 are extracted from the fitted function. The coefficients 𝑎 and 𝑏 are  5.33 ·

109 𝑐𝑚−3𝑚𝑊−1 and 7.10 · 1010 𝑐𝑚−3𝑚𝑊−2  respectively for 1550 nm. 
From (7) and (8) we calculate the 𝛽𝑇𝑃𝐴 at 1510, 1550 and 1610 nm which are 42.7, 46.2 

and 42.8 𝑐𝑚/𝐺𝑊 respectively. The 𝑎𝑆𝑃𝐴 for these wavelengths are 0.06, 0.03 and 
0.015 𝑚−1. Over this range of 100 nm the difference of TPA coefficients is quite small, less 
than 10%. 

Finally the carrier concentration 𝑁 is fitted from (6) to the carrier concentration 
measured data with fitting parameters the 𝛽𝑇𝑃𝐴 and 𝛼𝑆𝑃𝐴. The fitted curves are plotted in 
Fig. 4 with the concentrations calculated based on the current measurements for 1510 
(blue), 1550 (red) and 1610 nm (green). For the lowest optical power, the difference of the 
fitted curve and measured point seems to be larger than the rest, however this is only due 
to the logarithmic scale. 

Figure 2. Schematic of the experimental setup. 
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It is important to note here that even though we assume that the swept carriers are the 
ones generated in the volume of the Q-layer in the ERM (for the length of 500 μm), this 
might not be entirely accurate. This is related to the electrical crosstalk problems discussed 
in Chapter 5. Due to the extension of the electric field outside the ERM more carriers are 
probably swept from the neighbouring passive waveguides. This could lead to a small 

Figure 3 (a) Measured photocurrent as a function of the optical power in the ERM, (b) the calculated 
carrier concentration in the ERM guiding layer for carrier recombination lifetime of 10 ps. 

(a) (b) 

Figure 4. Measured and fitted carrier concentration for 1510 (blue), 1550 (red) and 1610 
(green) nm. The extracted TPA absorption coefficients are 42.7, 46.2 and 42.8 𝑐𝑚/𝐺𝑊 respectively. 
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overestimation of TPA since we sweep more carriers and effectively measure higher 
currents. Nevertheless, the values reported here are in-line with values for similar materials 
in existing literature. In [14] TPA coefficient of 63 cm/GW is reported at 1550 nm for 
InGaAlAs material with bandgap at 1.29 μm. In [15] 60 cm/GW for InGaAsP/InP multi-
quantum-well material with 1.34 μm bandgap is reported. Furthermore, the TPA coefficient 
for InP at 1550 nm has been measured to be 14.6 cm/GW [16] which is lower than the 
quaternary material used here as expected. 

B.5 Conclusions  

In this appendix the TPA coefficient for the deep etch ridge waveguides in the InP active-
passive integration technology used throughout this thesis has been quantified. It was 
demonstrated that free carriers are generated in the passive waveguide through a two-
photon process. The generated photocurrent in an ERM was measured as a function of 
optical power from which the carrier concentrations were determined. The carrier densities 
were successfully fitted to a simple steady state model. The extracted coefficient for single-
photon and two-photon absorption at 1550 nm are 0.03 𝑚−1 and 46.2 𝑐𝑚/𝐺𝑊  
respectively. 
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