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Abstract. Active coherent beam combination (CBC) of femtosecond
pulses requires knowledge of the absolute phase between all the optical
pulses: pulse synchronization and phase locking are both mandatory
and must be measured and controlled. To assess controller require-
ments, we study fiber amplifier phase noise for various packaging and
power levels. The main contributors are thermal noise (with large am-
plitude phase noise and frequencies below 5Hz) and vibrations (with
low amplitude phase noise and frequencies from 5Hz to 2 kHz), leading
to a woofer/tweeter pair of actuator. The amplifier packaging is of ma-
jor importance: a simple PID model shows that in order to achieve a
residual phase error of λ/100, the required controller bandwidth ranges
from 0.5Hz to 1 kHz, mostly depending on amplifier packaging. We also
shortly review common phase locking techniques either based on pupil-
plane sensor or focal-plane sensor. Common focal-plane techniques as
SPGD or LOCSET are not directly compatible with pulsed femtosec-
ond operation. Pupil-plane fringe-sensor techniques are more promising
and route towards collective synchronization for femtosecond regime
are proposed. Following the example of telescope interferometry, the fi-
nal system might include both a pupil-plane, fringe-sensor and a focal-
plane phase-diversity sensor, with pupil-plane sensor for synchroniza-
tion and phase lock, and focal-plane sensor to control and maintain
required focalized beam quality.

1 Introduction

Active coherent beam combination (CBC) of femtosecond pulses requires knowledge
of the absolute phase (or unwrapped phase) between all the optical pulses. This can
be split into 2 levels: pulse synchronization (ΔL = 0) and phase locking (Δϕ = 0) as
illustrated in Fig. 1(right). Figure 1(left) shows a schematic phase combining scheme
in pulsed regime with functional blocks. The pulse synchronization requirement is
typically optical path differences ΔL less than a tenth of the compressed pulse. In
the case of 300fs pulses, for example, the pulse length in vacuum is ∼100 · λ and the
requirement is ΔL < 10 · λ. Similarly, to maintain coherence efficiency, the residual
phase error Δϕ requirement is typically Δϕ modulo 2π < λ/20.
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Fig. 1. Left: generic coherent combining scheme in pulsed regime. Right: constraints on
fiber length difference ΔL and phase Δϕ.

Fig. 2. Generic coherent combining scheme including a calibration sensor to compensate
for aberrations e.g. in compressor.

Achieving those two constrains for a large number of fibers in parallel requires
good knowledge of phase noise to be corrected. This allows on one hand to reduce as
much as possible the phase noise by fighting its cause and on the other hand to design
the phase control loop sensor, actuator and processing. A first part is dedicated to
phase noise in fiber amplifiers and the importance of packaging. It is illustrated with
phase noise measurements in amplifiers with various power and packaging. Actuator
configuration and bandwidth requirement are discussed.
In a second part, we compare several Focal-plane-sensor techniques and

Pupil-plane-sensor techniques commonly used in CW regime CBC and discuss their
compatibility with ICAN configuration [1]. The concept of phase-diversity and its
application to ICAN are introduced. As an example of pupil-plane-sensor technique,
a multi-lateral shearing interferometer setup is presented for phase measurement and
the extension to delay measurement is discussed.
Figure 2 introduces the concept of calibration, inherited from adaptive optics. In

this scheme, the amplifiers phase differences are measured in the near field whereas the
ultimate quality criterion is further in the optical chain, e.g. after further components
including compressor or focalization. It may then be useful to proceed to a calibration
of the controller using information from the final beam. For example, phase distortion
in further components can be compensated with the phase actuators.

2 Phase noise in fiber amplifiers

Requirements on coherent beam combining in terms of bandwidth and amplitude are
directly related to phase noise characteristics. Here we present the measures of the
phase noise in various amplifiers as a function of power and packaging. Evolution of
phase noise with power shows that power mostly impact the amplitude of phase noise
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Fig. 3. 100W fiber amplifier phase noise measurement setup. The amplified and attenuated
beam interfere on a 50/50 coupler with an 80MHz shifted reference beam. The interference
signal is detected and its phase is recovered through an I/Q demodulator, low-pass filters
(LP) and digital processing.

Fig. 4. Fiber amplifier phase noise evolution with pump power (left, first ampl. stage; right,
first and second ampl. stages).

and does not introduce new frequencies.On the contrary, comparing phase noise in
various amplifiers packaging shows that packaging has a major impact on phase noise
frequencies.

2.1 Evolution of phase noise with power up to 100W level

The evolution of the phase noise power spectrum was studied in a 2 stages CW master
oscillator power fiber amplifier (MOPFA) delivering up to 100W when increasing
pump power [2]. The MOPFA is composed of a 1.06μm single frequency external
cavity laser diode amplified using two successive ytterbium doped fiber amplifiers.
The first amplifier has 20 dB gain delivering an output power of up to 3W, and
the second one has 15 dB gain delivering an output power of 100W. The phase is
measured using a self-mixing I/Q setup shown in Fig. 3.
Figure 4(left) shows evolution with power of the phase noise induced by the first

amplifying stage. Two main contributors to the phase noise are identified: a low
frequency/large amplitude thermal contribution (<5Hz) and a high frequency/low
amplitude contribution due to mechanical vibrations (5Hz–2 kHz). The effect of
amplifier power increase on the spectrum is mostly located in the low frequency
region corresponding to thermal transfer between the fiber core heated by the pump
absorption and the fiber environment. There is no additional noise frequency brought
by increased pump power.
Figure 2(right) shows the evolution of the phase noise induced by the full MOPFA

(2 stages). The total noise is dominated below 1Hz by the 1st stage thermal noise
which is then operated at full power. Between 1Hz and 20Hz the thermal noise of
the 2nd stage can be seen. Above 1 kHz, the noise floor is limited by detection noise,
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Fig. 5. Tested amplifier packaging, A, home-made, semi free space fiber amplifier (100W
CW), B, Benchtop commercial laser, (100W peak power), C, OEM Conductively cooled
commercial laser (250W peak power).

Fig. 6. Temporal evolution of amplifier phase (left) and power spectral density of phase
noise (right) for the 3 different fiber amplifiers.

which depends on signal level. The shape of the thermal noise can be modeled by
heat transfer between the hot fiber core and the fiber environment [2].

2.2 Dependence of phase noise with amplifier packaging

In this part we distinguish fiber packaging, or how the fiber in maintained or cooled,
and the amplifier packaging, which includes all other elements as power supply and-
cooling fans. A simple model of fiber packaging was developed and explains the shape
of the low frequency phase noise induced by thermal noise [2]. The impact of ampli-
fier packaging is highlighted with the following experiment, where we have compared
the phase noise of 3 different fiber amplifiers. The first one is a homemade and semi
free-space 100 W CW fiber amplifier assembled on an optical table and investigated
in the previous chapter. Amplifier B and C are commercial pulse fiber amplifiers.
Amplifier B is 100W peak power capable, in a benchtop packaging, including fans to
cool down the power supply. Amplifier C is a conductively cooled, 250W peak power
capable OEM amplifier (with external power supply). Amplifiers B and C phase noise
is measured in CW regime at nominal average power: ∼0.3W for ampl. B and ∼1W
for amplifier C.
Figure 6 shows on the left the temporal evolution of the measured phase after

the output of the tested amplifiers. On the right is displayed the power spectral
density of the phase noise. As in previous chapter, the two main contributors to the
phase noise are thermal noise (low frequency and large amplitude) and mechanical
noise. Mechanical noise is mostly related to vibrations (for example from cooling
fans) and is usually higher frequency (>10Hz) and low amplitude. Unsurprisingly,
the homemade amplifier shows a larger phase noise than the commercial, low average
power amplifiers. More surprisingly, the 250W peak power OEM amplifier shows lower
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Fig. 7. Transfer function of a theoretical PI controller (left) and expected residual phase
versus PI controller cut-off frequency fcut (right). The horizontal line indicates the 2π/100
residual phase error limit.

noise at all frequencies than the 100 W peak power benchtop amplifier. We attribute
this to the absence of cooling fan of the OEM device and the different packaging of
the fiber (for example better thermal exchange).

2.3 Controller bandwidth requirement

Using the time domain phase variations of Fig. 6, we can assess the bandwidth re-
quirements of the phase controller for the various amplifiers. We assume the controller
to be an ideal PI (proportional-integral) controller equivalent to a first order high pass
filter. The typical transfer function is shown on Fig. 7(left). This theoretical transfer
function is applied to the measured PSD (Fig. 6 right) and the expected residual
phase rms is computed by integration of the resulting spectrum (Parseval’s theo-
rem). Expected residual phase with an ideal controller is plotted on Fig. 7(right) as
a function of controller cut-off frequency.
Indeed, if φ(t) is the original phase variation and φr(t) � 2π the residual phase

using a PI controller with transfer function Hfc(f) and cut-off frequency fc, we have:

σ2φr =

∫ ∞
−∞
|φr(t)|2 dt =

∫ ∞
−∞

∣∣∣φ̂r(f)
∣∣∣2 df =

∫ ∞
−∞
|Hfc(f)|2 ·

∣∣∣φ̂(f)
∣∣∣2 df

Where x̂ stands for the Fourier transform of x(t) and σφr the residual phase rms. On
Fig. 7 (right), σφr is plot as a function of cut-off frequency fc.
According to Fig. 7, the fan-free, passively cooled fiber amplifier requires a con-

troller bandwidth (BW) of only 0.5Hz to achieve λ/100 residual phase error. A lower
performance amplifier (in terms of output power) with active cooling requires 100Hz
bandwidth, and a high power, semi free space fiber amplifier requires 1 kHz cut-off
frequency. This shows that the packaging of the amplifier is a critical aspect when
designing beam combining setup.

2.4 Phase/delay actuators

Short term phase noise was discussed in last two paragraphs. If we now record the
phase evolution over a long time (∼500 s, first MOPFA stage), we obtain slow vari-
ations with large amplitude as shown in Fig. 8. However, the delay constraint is
ΔL � 10 · λ. Most of fast phase actuators have a range of a few λ. An additional
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Fig. 8. Long term phase evolution of MOPFA first stage.

Table 1. Possible specifications for CAN phase and delay actuators on each arm.

phase modulator BW range spec
fast phase (tweeter for phase locking) 1 kHz 1λ Δϕ < λ/20
slow delay (woofer for synchronization) 1Hz 100λ

ΔL < 10 · λ
fixed delay (sync) 0 10 kλ

delay actuator will probably be required in ICAN concept with range over several
10 λ and slow response time. Table 1 shows a possible requirement for ICAN actua-
tors. The ICAN phase actuator will probably be a woofer/tweeter pair, with a both
fast/low-amplitude and slow/large-amplitude actuators plus a fixed delay.
Possible fiber actuator technologies include electro-optic modulators (high band-

width, 1-λ range but limited in optical power), fiber stretchers (kHz bandwidth, few
10 λ range), fiber heaters (low bandwidth) and modulation of pump current (low
bandwidth and additional intensity noise)... Ideal configuration of delay and phase
actuators for ICAN will depend on many parameters as phase noise characteristics,
residual phase noise and residual delay requirements.

3 Collective measurement of phase and synchronization

3.1 Problem position

The measurement of phase and delay between fibers is essential for efficient beam
combining. To achieve phase lock, the most common phase locking techniques found
in the literature for CBC can be roughly sorted in two families: Focal-plane-sensor
techniques and Pupil-plane-sensor techniques. Focal-plane-sensors are located after
beam recombination and relevant techniques include LOCSET (locking of optical
coherence by single-detector electronic-frequency tagging) [3] and SPGD (stochastic
parallel gradient descent) [4]. Phase correction is done by optimizing the total power-
in-a-bucket detector in SPGD, for example. In Pupil-plane-sensor techniques, the
phase differences between the interfering arms are measured in the near field before
recombination, sometimes with an additional reference arm. Pupil-plane-sensor tech-
niques include fringe-position sensors or Hänsch–Couillaud interferometers. We first
review several usual techniques used in CW operation both with pupil and focal-plane
sensors. We then discuss the adaptation of the techniques to specific femtosecond pulse
operation of ICAN.
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Fig. 9. Two examples of collective techniques for cw phase measurement. The setup on the
left uses an external reference arm. The setup on the right is self-referenced.

Fig. 10. Principle of IDQL self-referenced collective phase measurement.

3.2 Pupil-plane-sensor techniques

Among the Pupil-plane-sensor techniques, collective solutions have been demon-
strated in the CW regime using a camera and interference patterns to recover the
phase [5,6]. Using a camera enables the access to all phase differences in one-shot. For
example, Fig. 9 shows two collective techniques applied in low power, CW configu-
rations. In those techniques, fringe patterns are obtained either between neighboring
fibers (right) or between the fibers and a reference (left). In both cases, the analysis
allows retrieving the relative phase evolution of each fiber for stabilization. As an
example, the following presents a Self-referenced achromatic collective phase mea-
surement using Quadri Wave Lateral Shearing Interferometry (Fig. 9 right).
Multi-lateral shearing interferometry setup shown on Fig. 9(right) reveals to be

an original and efficient setup to address the collective phase measurement between
the elementary sources, with a typical precision of λ/20. In this Pupil-plane-sensor
technique, the collimated beam is directly analysed, far from a focal point to avoid
saturation problems, and without the help of an external reference arm. Quadri Wave
Lateral Shearing Interferometry (QWLSI) has been validated in CW regime with
64 collimated fibers [5]. The detailed principle of this setup is described in the Fig. 10.
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Table 2. Orders of magnitude of required actuator bandwidth for various cases according
to [7].

Number of Number of Bandwidth of Sensor
amplifiers actuators actuators requirements

Locset 10× 10 100 2MHz 2MHz photodiode
Locset 100× 100 104 200MHz 200MHz photodiode
Fringe sensors 10× 10 100 10 kHz 10 kHz camera
Fringe sensors 100× 100 104 10 kHz 10 kHz camera

Wavefronts issuing from the individual sources are collimated and truncated by
a bi-dimensional mask, in order to have a gap between them. They are all split on
a bi-dimensional phase grating, to obtain four tilted and laterally sheared replicas
of each individual beam. The resulting interference pattern is recorded on a digital
camera. The distance between the grating and the camera is chosen to allow a perfect
overlap between adjacent replicas. Due to the lacunarity introduced by the mask,
the replicas overlap only two by two, leading to sinusoidal fringes. Their orientation
and period are bound to the tilt introduced by the grating. Introducing a relative
piston between two adjacent beams will translate the fringes proportionally to the
piston. Simple signal processing on the image then allows measuring and stabilizing
the relative fiber variations. A fast 10 kHz camera is required for a typical 1 kHz phase
noise correction.

3.3 Focal-plane-sensor techniques

Focal-plane-sensor techniques include LOCSET, SPGD and phase diversity. SPGD
and LOCSET compatibility with ICAN is not straightforward. To illustrate this, let us
consider two cases: the combining of N = 100 or N = 10 000 fibers with a maximum
noise frequency of fnoise = 1kHz with two common techniques: LOCSET (Focal-
plane-sensor technique with requirements very similar to SPGD) and a fringe-position
sensor using a reference arm (e.g. [6]). We can estimate the number of actuators, their
required bandwidth and the sensor requirements for Locset or fringe-position sensor
techniques [7]. Values are reported in Table 2. The very large required bandwidth
of 200MHz for phase actuators in the case of Locset (same is true for SPGD) is
due to the N carrier frequencies that must be spaced by ∼10.fnoise = 10 kHz in
indirect techniques. In fringe-position sensor technique, the actuator bandwidth is
only ∼10.fnoise = 10 kHz.
Table 2 shows that LOCSET requires >MHz bandwidth detectors and actuators.

However, in pulsed operation, the phase information is “sampled” at the pulse repe-
tition rate (target repetition rate is 15 kHz in ICAN). ICAN repetition rate is much
lower than required MHz-range: the phase information cannot be obtained from the
pulses with LOCSET or SPGD. The information can be extracted in-between the
pulses but requires some signal between the pulses, which is not favourable for high
peak power amplifiers. SPGD and LOCSET are thus not directly compatible with
ICAN.
Another Focal-plane-sensor technique is phase diversity. Phase diversity was born

from the very natural idea that the far-field pattern contains information about the
wave-front. In optics, Gonsalves [8] suggested to use a second image with an additional
known phase variation with respect to the first image (such as defocus), so as to
remove some ambiguities in the estimation of the wavefront and obtain a unique
solution – see [9] for details. This technique is referred to as “phase diversity” by
analogy with a technique used in wireless telecommunications.
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The complexity of the sensor’s hardware remains very modest (two images are
recorded in far field). Moreover, it works even for a very large number of degrees
of freedom. For instance, phase diversity is a good candidate for the fine phasing of
the European Extremely Large Telscope (E-ELT), whose primary mirror will feature
close to a thousand segments.
Finally, phase diversity is a very versatile technique and may be adapted to many

contexts, from coronagraphy in view of exoplanet detection to complex wavefront
sensing for high power laser correction [10]. For the problem at hand, the major
difficulty is the long-standing computing cost associated with the phase diversity
technique; noteworthy progress has been made in the direction of real-time phase
estimation (see, e.g., [11,12]), which remains an active subject of research.
The concept of phase diversity could be used to calibrate the aberrations at the

end of the laser chain. Indeed, once the wavefront is stabilized at the output of the
fiber array, the beam has to be optimized at the output of the whole laser chain. To
perform this optimization, the aberrations of the beam are calibrated at the end of
the chain and then pre-compensated using the phase control of CBC.

3.4 Towards femtosecond regime

The compatibility of these techniques with femtosecond regimes depends on compat-
ibility with pulsed regime and with a spectral width of several tens of nanometers.
Moreover, all those techniques are dependent on the synchronization of the arms
within the coherence length (∼100λ). If the pulses are not synchronized within at
least the coherence length, the beams do not interfere, the fringe patterns disappear
and no phase lock is possible. However, Self-referenced achromatic lateral shearing
interferometer, among others, can be adapted to femtosecond regime with delay mea-
surement. The main principle is the following: As the tilts are only introduced by a
grating, and so proportional to the wavelength, the period of the sinusoidal fringes
are not dependent on the wavelength. However, the relative delay between the two
sources contributing to the sinusoidal pattern is wavelength dependent and trans-
lates the fringe pattern. To avoid the ambiguity in the delay measurement due to the
fact that two values of delays differing for an integer number of wavelengths lead to
the same translation of the fringe pattern, we propose to use the natural chromatic-
ity of the pulse. This method, described in another context [13], is in the course of
evaluation.
Also, this issue has already been considered in Stellar interferometry [14], which

shares many issues with laser phasing: the delay between the arms introduced by the
atmospheric turbulence can reach several tens of micrometers; vibration frequencies
can exceed 100∼Hz; the differential amounts of air, glass and vacuum in each arm rise
longitudinal dispersion; the very large spectral band of the incoherent sources requires
phase and delay correction. Several methods, including spatial/temporal modulation,
dispersion or both, have already been used for phase-delay or group-delay tracking in
stellar interferometry [15,16]. Nevertheless, the recombination of more than 6 beams
have not considered up to now. These methods have to be reconsidered in the context
of ICAN.

4 Conclusion

In summary, our previous studies on phase noise measurement in typical home-made
and commercial fiber amplifiers showed that in CW, there is no new frequency intro-
duced by higher power. Also, the phase noise bandwidth strongly depends on fiber
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packaging. Extreme care has to be taken so as to optimize the fiber packaging de-
sign and mitigate the phase noise. A method to determine the controller bandwidth
requirement is presented and shows that depending on the package, the required band-
width ranges from 0.5Hz to 1 kHz. Finally, the ICAN phase actuator will probably
be a woofer/tweeter pair, with a both fast/low-amplitude and slow/large-amplitude
actuators plus a fixed delay.
A few phase measurement techniques have been listed, including Pupil-plane-

sensor techniques and Focal-plane-sensor techniques. A Pupil-plane-sensor technique
using IDQL has been presented that can be compatible with femtosecond pulse
regime. Among Focal-plane-sensor techniques, LOCSET and SPGD are not directly
compatible with pulsed operation, but phase diversity could be useful for the calibra-
tion of phase distortion. Pathways to include delay measurement in Pupil-plane-sensor
techniques are being explored. Final system might include both a pupil-plane sensor
and a focal-plane sensor, with pupil-plane sensor for synchronization and phase lock,
and focal-plane sensor to control and maintain required focalized beam quality.
However, at this design level, no option must be put aside.

This analysis has been partially supported by the project Ican, support action funded by
the seventh framework programme, grant agreement No. 284437.
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