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Frequency combs are optical spectra composed of a set of discrete equally spaced
lines. Such spectra can be generated by diverse sources such as mode-locked lasers,
resonators, or electro-optic modulators. This last possibility has shown a growing
interest in the recent years for its advantageous features in providing high repetition
rates, intrinsic mutual coherence, or high power per comb lines. Moreover, applica-
tions of electro-optic modulator-based combs have flourished in fundamental physics,
spectroscopy, or instrumental calibrations. In this paper, we present the most recent
progresses made on frequency combs generated by electro-optic modulators, along with
the applications where these combs have shown a particular interest. (© 2020 Optical
Society of America
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Electro-optic frequency combs

ALEXANDRE PARRIAUX, KAMAL HAMMANI, ano GUY MiLLOT

1. INTRODUCTION

In 1960, Maiman launched the ruby laser, which became famous for its visible red
light [1]. This invention was the beginning of a revolution in whole experimental
physics. A few years later, in 1964, the first mode-locked laser (MLL) was devel-
oped by Hargrove et al., and its temporal output showed the emission of pulses [2].
In the optical frequency domain, this laser presented a spectrum composed of a set
of discrete lines that were equally spaced forming a comb picture. Therefore, such a
spectrum is nowadays called an optical frequency comb (OFC).

Since 1964, the interest in generating OFCs has led to a tremendous activity, particu-
larly in the context of laser spectroscopy. Thus, a frequency comb synthesizer that
can be used as a ruler to measure optical frequencies with great precision has been
developped at the end of the 90 s, leading in 2005 to the Nobel Prize in Physics for
Hiansch and Hall [3,4]. Since then, many applications of OFCs have been developed
starting from metrology [5], to spectrograph calibration for exoplanet detections [6],
and passing by fundamental physics [7]. However, each application based upon a
comb has a need for particular characteristics such as a given spectral power per line,
spacing between the lines, and central wavelength. These requirements motivated
the design of several very different setups for OFC generation such as ones based on
femtosecond lasers, resonators or electro-optic modulators (EOMs).

In this paper, we will focus on the most recent progresses obtained in the generation of
OFCs based on EOMs. First, we introduce the subject with generalities on OFCs and
the common setups used for their generation. Then, we will focus on combs generated
by the electro-optic modulation of a continuous wave (CW) laser, starting from the
basic concepts up to the commonly used setups. This will lead us to the advantages
and drawbacks of OFCs generated with such setups and further to the possible ways
of bypassing the limitations. After that, we will present the applications of combs
generated with EOMs, up to the state of the art in fundamental physics, spectroscopy,
instrumental calibration, etc. We show that several domains are highly convenient
for these comb sources since they possess numerous advantages. Finally, we will see
the outlooks in the field based on recent published works, and to conclude, we will
summarize the work presented in this paper.

2. GENERALITIES ON OPTICAL FREQUENCY COMBS

In this part, we introduce, in a nonexhaustive way, generalities behind OFC gen-
eration. We first theoretically present OFCs and the main characteristics of these
particular spectra. Then, we present the most common experimental setups used to
generate OFCs, which will provide a context for the current methods used.

2.1. Main Characteristics of Frequency Combs

2.1a. Theory of Frequency Comb Generation

Let us consider a pulsed laser emitting at a carrier frequency v, = 7=. All the pulses
possess an envelope A cadenced at a repetition rate T = 2%, where w, is the repetition

w;

frequency of the laser. We suppose that between two successive pulses, a phase differ-
ence ¢ can exist due to the difference of velocity between the carrier and the envelope.



226 Vol. 12, No. 1 / March 2020 / Advances in Optics and Photonics “lm

Under these conditions and in the theoretical limit, where the laser emits for any time
¢ € R (neither beginning nor end), the pulse train f emitted by the laser can be written
under the following form:

f@&) =" (A(®) cos(a.t — ng)) x8(r — n), (1)

n=-—00

where 7 € Z, § is the Dirac distribution and * is the convolution product. By taking
the Fourier transform (FT) of f, we obtain the expression of the pulse train in the
frequency domain, which is given by

Flw)=FT(f(2)) = /oo FOe ™ dt =mw, Alw — w,) Z 8(w — wy — nw,)

n=—00

+ 7w, Alw + w,) Z 8(w + wy — nw,), (2)

n=—00

where A(w) = FT(A(2)) is the amplitude envelope of the spectrum and wy = - ¢ is
the carrier envelope offset frequency.

Equation (2) shows two terms centered at +w,. Since negative frequencies have no
physical meaning, we focus on the first term centered at w,, which shows a sum of
Dirac functions enveloped by A. Moreover, this term is different from zero only for
particular frequencies defined by

w=w,=w)+ no,. (3)

This particular structure defined by Eq. (3) is very interesting since w, and wy lie into
the radio frequency (RF) domain. As shown in the next part, typical values of these
frequencies are from the megahertz (MHz) to a few tens of gigahertz (GHz) depend-
ing on the laser source. Consequently, all comb lines are linked to RFs, which can
be known with an extreme accuracy. Since optical frequencies cannot be measured
directly due to the electronic limits, Eq. (3) allows us to know the optical frequencies
of the comb with the same accuracy as is obtainable on w, and wy [5].

To summarize, the spectrum of a pulsed source is composed of a set of discrete and
equally spaced lines, which is called a frequency comb. Experimentally speaking, a
pulsed laser has an emission with a finite coherence time. Hence, the spectrum is rig-
orously not a set of Dirac lines but more a set of Lorentzian lines that possess a width
Awy [8]. However, we usually have % « 1, which means that the approximation of
an infinite coherence time is not aberrant. Even so, the finite linewidth of the comb
lines must be kept in mind since it gives several points of information on the quality
of the laser, as will be discussed in Subsection 4.2. An illustration of the temporal and
spectral representation of a pulse train delivered by a pulsed source is presented in
Fig. 1.

We considered above a pulsed laser that shows a phase difference ¢ between two suc-
cessive pulses. This condition, which is due to the mode-locking of the laser, is impor-
tant for the spectrum to present a comb structure. Indeed, without any phase relation
between the pulses emitted by the laser, there would be no phase coherence between
them, and, thus, they will not interfere. However, it is the interference of many coher-
ent pulses that gives the spectrum its comb structure.
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2.1b. Precision and Self-Referencing

Equation (3) shows that the optical frequencies of a comb are linked to two RFs w,
and wy. Hence, to fully use an OFC, w, and w, have to be known with an extreme
accuracy. Since w, and wy lie into the RF domain, these frequencies can be measured
with precision [5,9]. The repetition frequency w, can simply be measured using a
fast photodiode: the time spacing t between two successive pulses is equal to the
inverse of the repetition frequency. The carrier envelope offset frequency w, is more
difficult to measure since it is linked to the difference of phase ¢ between two succes-
sive pulses. Thus, one would need to measure ¢, which means resolving the ultrafast
oscillations of the carrier, which is impossible using standard electronics, especially
for waves in the optical domain. This problem can be bypassed using a solution found
independently by Jones et al. and Reichert et al. [10,11]. The solution consists in
using nonlinear optics and especially second-harmonic generation, which will be
used to frequency double an OFC to generate a second OFC of frequencies given by
2w, = 2nw, + 2w,. If the original comb spans over at least one octave, which means
that the comb possesses a line of order p and its doubled order 2 p, then the line of
frequency w,, from the original comb will interfere with the line of frequency 2w,
from the frequency doubled comb. The interference will lead to the generation of a
signal at a frequency 2w, — w,, =2pw, + 2wy — 2 pw, — wy = w, meaning that by
detecting the beatnote, one can measure the carrier envelope offset frequency [10,11].
When both w, and w, are measured, the comb is said to be fully self-referenced, and
all comb lines can then be known using Eq. (3) with an accuracy equal to that obtained
on w, and wy.

2.2. Frequency Comb Generation

Several experimental setups can be used to generate a mode-locked pulse train, i.e., an
OFC. We now present the most common setups used to generate OFCs except those
based on EOMs, which will be introduced in a more detailed way in the next part.

Fourier
Transform
wr rre Alw-we)
a o, N
Wy = nwy + Wy L 1{{ I\
| l l # - r1 [ . [ [ra w

0 We
Representation of a pulse train delivered by a pulsed source in the temporal domain
and in the frequency domain. In the temporal domain, a set of pulses of envelope A
cadenced at a rate T can be seen with a phase difference ¢ between two successive
pulses due to the difference of velocity that can exist between the carrier and the
envelope. In the spectral domain, a frequency comb of lines separated by the fre-
quency w, = 27” enveloped by A centered at w, can be seen with an offset frequency

Wy

a)():—i Q.
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2.2a. Mode-Locked Lasers

Since their origin [2], most devices for generating combs still use MLLs. In MLLs, a
cavity with a round trip time t fixes the phase relationship between all the longitudi-
nal modes and thus sets the repetition frequency of the laser, which can be from the
MHz to a few GHz. Currently, the most common MLL is the Kerr-lens mode-locked
titanium-sapphire laser (KLM Ti:sapphire). Figure 2 represents the typical structure
of a KLM Ti:sapphire where the Ti:sapphire crystal, which allows self-focusing,
is pumped with green light to provide gain [12,13]. Prisms are used to compensate
the group velocity dispersion introduced by the crystal. To ensure the control and
locking of w, and w,, the output window and the rear mirror are on translating and
rotating piezoelectric actuators, respectively. Therefore, such a laser can emit pulses
up to a few tens of femtoseconds and thus a very broadband OFC. These lasers are
usually centered around 800 nm and possess a repetition frequency from tens of MHz
to several GHz. The KLM Ti:sapphire is the first component of the frequency comb
generator or synthesizer that led in 2005 to the Nobel Prize in Physics.

Another example of common MLLs is the fibered laser with a typical structure shown
in Fig. 3. Here, the mode-locking mechanism is the nonlinear polarization rotation
that happens in a nonlinear optical fiber [14—16]. More precisely, the Kerr effect in
the fiber leads to an intensity-dependent nonlinear phase shift, and, therefore, the
polarization state is modified with the light intensity. Thus, a polarizer can be used
as an effective saturable absorber. Obviously, several other configurations have been
demonstrated based on true saturable absorbers, pulse shaping, etc. Compared to
the KLM Ti:sapphire, such mode-locked fiber lasers are more compact and cheaper.
More details on OFCs generated by MLLs can be found in Refs. [13,16-19].

2.2b. Optical Microresonators

More recently, another category of setups that is able to generate OFCs has emerged
with microresonators [20]. Compared to MLLs, resonators are optical cavities built
inside a material that is closed on itself. Several shapes of microresonators are avail-
able, such as a microtoroid, microsphere, microdisk, and microring, and a few of them
are presented in Fig. 4. The coupling with light has to be made, employing evanescent
waves by using, for instance, a tapered fiber or a prism. In microresonators, the round
trip time is fixed by the length of the cavity, which is generally below 1 mm. So, the
repetition frequencies achievable with these setups range from 10 GHz up to 1 THz.

The mechanism behind comb generation inside microresonators is based on nonlinear
effects: a CW laser is usually injected in the resonator to seed a four-wave mixing

Figure 2
Cavity length
control Group delay
adjustment
Aperture
W
Outp/ut
Windoy Ti:Sapphire \
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Prism Pair
Dispersion Compensator

Schematic of a typical Ti:sapphire Kerr-lens laser cavity.
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(FWM) phenomenon that leads to the generation of new frequencies. This corre-
sponds to the creation of sidebands that are frequency detuned as the inverse of the
round trip time of the cavity. Microresonators have reached a level of maturity, which
is sufficient enough to generate coherent octave-spanning frequency combs using low
input power and an ultrasmall footprint. More details on the subject can be found in
Refs. [21-23].

2.2c. Other Architectures

Besides MLLs and microresonators, many other setups can be used to generate OFCs.
A first example is the use of nonlinear effects in optical fibers such as Brillouin scat-
tering and FWM [24]. When exploited in a cavity, it is possible to produce an OFC
that spans over several tens of nanometers [25]. Still using nonlinear effects and
especially FWM, a dual wavelength pump can produce an OFC in nonlinear fibers
[26,27]. Finally, the use of acousto-optic modulators in cavities has been demon-
strated for OFC generation. By using the ability of shifting frequencies of a certain
amount, it is possible to generate an OFC by cascading the acousto-optic effect on the
frequencies circulating in the loop [28,29].

Figure 3

ol
\0\;’ o

’\

Schematic of a typical self-starting fibered laser.

Figure 4
( \6 I -
S 9]
Toroid Sphere e

Schematic of typical shapes of microresonators going from the toroid (left) to the inte-
grated ring resonator (right) but also the sphere (center).
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3. ELECTRO-OPTIC MODULATION

In the previous part, we showed that several setups are available for OFC generation.
However, we did not introduce the particular example of setups based on EOMs,
which is one of the main points of this paper. Hence, we now focus on OFCs that are
generated with EOMs, which we will call from now on EOM-based combs or more
simply electro-optic combs (EOCs). We start with a brief reminder on the electro-
optic effect and its well-known characteristics. Then, we will present the different
existing components for EOC generation from the basic ones up to the most recent
ones. Finally, we will show the advantages of this particular way of generating OFCs
compared to common sources.

3.1. Pockels Effect and Modulators

The electro-optic effect is a nonlinear phenomenon that includes several effects.
Generally speaking, an electro-optic effect is a phenomenon that modifies the refrac-
tive index of a material by applying a static electrical field. The modification in the
refractive index imposes a phase of an electromagnetic field propagating inside the
material. The electro-optic effect can be seen as a wave mixing effect between an
electromagnetic field and the static field [30]. Several phenomena can be defined as
an electro-optic effect, but here we will focus only on the two major ones. The first
one is the Pockels effect, which shows that the refractive index of a material can lin-
early change with the electrical field applied. Named after Pockels who investigated
the effect [31], the phenomenon was discovered independently by Kundt and Rontgen
[32,33]. The Pockels effect is also known as the linear electro-optic effect and can
appear only in noncentrosymmetric materials since it is a second-order nonlinear
process.

The second electro-optic effect is the Kerr effect, which shows a change in the refrac-
tive index of a material proportionally to the square of the electrical field [34]. This
effect can appear in any material, and since it is a third-order nonlinear effect, it is
much weaker that the Pockels effect. From now on, we will thus focus only on the
Pockels effect because it is used in most existing EOMs. Knowing all this, from now,
the use of the adjective “electro-optic” will refer to the Pockels effect that we will start
to describe.

3.1a. Physical Process

Let us consider a noncentrosymmetric, anisotropic, nonoptically active, and lossless
material. The constitutive relation D = ¢,¢E, when components are explicited, can be
written in the following form:

1
Di:8028ijj<:>Ei:8—OZ)’},’ij, (4)
i J

J

where g is the vacuum permittivity, ¢ is the permittivity tensor, and 7 is the inverse
tensor of €. In any coordinates system x; with 7 = {1, 2, 3}, the index ellipsoid can be

written as
1
<—2> xl-szl. (5)
1\

The constants (nlz) ij describe the refractive index in the x; coordinate system, and they
are symmetric in 7; since the permittivity tensor is symmetric due to the particular
material considered here. In the crystallographic coordinate system, we can find that
(#)i ; = 1;j. Moreover, when assumed that n can be Taylor expanded in relation to the

2

3003
=l j=
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components of the applied electrical field E, when restricted to the linear order, we
obtain

771']':775](-))+ijkEk+o(E/e), (6)
k

where 7 is the tensor describing the linear electro-optic effect. Since 7 is real and
symmetric, » is symmetric in its two first indices. For convenience, the 3 x 3 x 3
tensor 7;j; can then be contracted in a 3 x 6 tensor r,; using the following indices
sorting h=1—ij=11, h=2—ij=22, h=3—ij =33, h=4—ij=23/32,
h=5—ij=13/31,and h =6 — ij = 12/21. Thus, the variations in the refractive
index can be expressed as

1
A(ﬁ)hzzrwﬁ‘j. (7)
j
The r,; coefficients are the electro-optic coefficients that give the variation of the
refractive index in relation with the changes in the applied electrical field.

3.1b. Elementary Modulators

Using the concepts seen above, we now present three basic EOMs capable of modu-
lating a particular property of an input light. This will allow us to conceptualize
several fundamental characteristics and properties of modulators. Note that every
type of EOM is based on the application of a phase on the incident light using the
electro-optic effect, but used within a particular setup, this phase modulation can lead
to the modulation of another light parameter.

Phase modulator. Let us consider a uniaxial crystal such as a potassium dihydrogen
phosphate (KDP) of crystal axes (x, y, z) for which the r,; tensor is different from
zero only for 741, 755, and r¢3. A longitudinal electrical field £,, commonly called the
RF signal, is applied on the crystal along the z direction leading to a modification of
the principal axis system to (x’, y’, z). The index ellipsoid is thus modified, and the
refractive indices are given by

Ny =n, — ln2763Ez, ny =n, + lnzr@EZ, (8)
2 2
where 7, is the ordinary refractive index. When considering a wave that is propa-
gating in the z direction and that is linearly polarized on either the x’ or the y’ axis,
a phase Ag is induced by the electro-optic effect and given, for a polarization of the
light on the y’ axis, by

27TL_7T7Z§7’63V
S W

A(p = (ny’ - ”0) (9)
where L is the crystal length and V' = E, L is the voltage associated to the applied RF
signal. A phase Ag is then printed on the incident light, which gives a phase modu-
lator (PM). It is useful to introduce the quantity V;,, which is the voltage needed to
induce a r phase. Ay is then given by

Vv . A
A(pznv with V, = 3

b4 n,7r63

(10)

The modulator constant X = % 1s named the modulation index. With KDP, we have

re3 =10.5 pm-V~! and n, = 1.514 at 546.1 nm, so at this wavelength, a numerical
application gives a value of V, =15 kV [30].
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Polarization modulator. The basic PM seen above can be slightly modified using
one or two polarizer(s) to obtain a polarization modulator. In the case of the PM, light
is injected on one of the principal axes x’ or y’, so the polarization state is unchanged
at the output. However, if an input polarizer injects a linearly polarized light at 45°
from the principal axes, a retardation Ag between the two components will arise such
that

2n L 2w L 27T7137'63V 14 A
Ap=A = () — ny RIS _p D with V, = . (11
¢ & (ny " ) A A ‘/7, W 27’137’63 ( )

Here, the V, voltage presents the more profound physical signification that at this
particular voltage, the modulator rotates the polarization of 7 and thus is equivalent
to a half-wave plate. Note that a PM is the particular case of a polarization modula-
tor where the rotation of polarization is null. At the output of the crystal, a second
polarizer with the same orientation as the first one is generally used to project the two
components of the electrical field on the same axis.

Intensity modulator. Finally, an intensity modulator (IM) can be created when
adding a quarter-wave plate after a polarization modulator with this set is placed
between two crossed polarizers. The schematic of such a setup is shown in Fig. 5.

The initial polarizer is implemented to obtain a given linearly polarized light at the
input of the crystal, which is practically also the case for a phase and a polarization
modulator. After passing through the crystal and the quarter-wave plate, the inci-
dent light propagating in the z direction will see its components acquiring a phase
difference Ag given by

2nl w 2nndrgsV o om wVooow A
= u — ith V,=—. 12
P A 25w, 2 M a2

Ap=An

This shows the utility of putting a quarter-wave plate at the output: the voltage V; is
reduced by a factor of 2 compared to the polarization modulator and by 4 compared to
the PM, and the numerical application gives us here V, =3.75 kV.

The transmission 7 (also called the transfer function) after the output polarizer is
given by

Figure 5
X
z S| (|
y
— Polar,’zel‘
: rter
Light I i e late
-opti  \yavep?
E|ectr0
Po\ariler cryst

Schematic showing the setup of a basic intensity modulator based on the electro-optic
effect with a longitudinal electrical field applied on a crystal of length L and height
h. Experimentally speaking, an aperture is generally cut out of the electrodes (in yel-
low), or transparent electrodes are used for the incident light to propagate through the
crystal.
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Eo.l> . 1 , VvV x
T= ||E- t||2 = sin’ (EA(p) = sin’ <4V + Z) . (13)

If V is static, 7 is fixed, but an IM is obtained when considering a time-dependent
voltage V. The 5 phase shift induced by the quarter-wave plate is also justified here
by the form of the transfer function. Indeed, this supplementary phase shift sets the
operating point of the modulator, which is named, in this case, the quadrature point.
This gives a transfer function that is linear in the vicinity of the quadrature point,
which avoids distortions of the optical signal obtained relative to the RF signal fed to
the modulator. To illustrate this, let us consider a time-dependent RF signal V of peak
voltage V;. If Z—é‘ « 1, then we have

T — sin? 71V+71 _1 cos TV 4 sin TV 2_1+JTV+ (Vz)
- 4v, " 4) 72 4V, av,)) T2 Ty, T\

(14)

Hence, in the vicinity of the quadrature point, 7 is approximatively linear. The trans-
fer function 7 of Eq. (13) is plotted in Fig. 6 along with the linear approximation
around the quadrature point.

Three different EOMs have been described above according to which physical char-
acteristic of the input light is modulated. This classification will be kept all through-
out this paper. Note again that all of these EOMs rely on the same physical principle,
which is the phase modulation of an input light.

3.1c. High-Performance Modulators

The EOMs described above allowed us to introduce some general characteristics
useful for this paper. Note, however, that such basic architectures are almost never
used in standard available EOMs because of their poor performance. One of the main
drawbacks is that the V; voltage can reach several kilovolts, which is not convenient
for embedded systems, for instance. Thus, it makes sense to look for materials having
the lowest possible V, voltage, i.e., with the highest electro-optic coefficient. To the
same purpose, it is much more interesting to use a transverse static electrical field
instead of a longitudinal one as shown in Fig. 5 for the basic IM. First, this avoids the
need for using transparent electrodes with respect to the incident light, or to cut an
aperture out of the electrodes. Second, using a transverse static electrical field leads

1 T T T T T T T , T T T
’
/7 .
_ — gin2 (;rvv i %r ) y Maxm{urp
= ™ transmission
s 1 % .
~ -—— =
= 3t I point
R
2 05 N
wl
= Quadrature
Z Zero o point
E transmission
point /
’
4
0 ! ! ! 4 ! ! ! ! ! !

-3 -25 -2 -15 -1 -05 O 0.5 1 1.5 2 2.5 3
Voltage V (V)
Graph showing the transfer function of a basic intensity modulator set at its quadrature

point along with several other characteristic points and the approximated linear func-
tion around the quadrature point.
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to a voltage V = E, b, where h < L is the height of the crystal. In this case, the V,
voltage is proportional to %, which can lead to a V,; value of the order of tens of volts
when the crystal is properly designed.

A second main drawback of basic EOMs is their very simple architectures that are
easily subject to parasite effects, decreasing their efficiency (see Subsection 4.1). In
particular for IMs, adding polarizers or quarter-wave plates causes the performance of
the EOM to rely on the characteristics of these components. Thus, other architectures
have been studied, and it was found that relying on an interferometer could allow
improvements of the EOM characteristics. The idea is to introduce an electro-optic
material within an interferometer, usually a Mach—Zehnder interferometer [35,36].
This particular design allows us to replace the output polarizer by an interference
effect leading to a lower required driving voltage [37]. Such an EOM is then often
called a Mach—Zehnder modulator (MZM), and two main designs are commonly
available as presented in Fig. 7.

Other architectures have also been studied, but they usually deliver less convenient
highly chirped outputs. In the following, we will thus focus only on the operation
principles of the two MZMs shown in Fig. 7. First, waveguides are printed on an
electro-optic material that is designed with an adequate cutting along its crystallo-
graphic axes. At the input, the waveguide starts with a 50/50 splitter that is made with
a Y-junction to create two arms. Then, both arms are covered with a set of electrodes
that will be used to independently apply a RF signal and a static voltage. Both voltages
induce an electro-optic effect and thus add a phase on the input light. The novel static
voltage specific to MZMs is called the bias voltage and is added to select a particular
operating point of modulation of the EOM. For instance, a bias voltage of % induces
a 7 phase shift, which mimics the quarter-wave plate used in the basic IM seen above
and, thus, sets the modulator to the quadrature point.

Depending on the fact that the arms are subjected to the same or not the same set of
electrodes, the MZM is then respectively qualified as a single-drive MZM or a dual-
drive MZM (DDMZM). At the output, both arms are then recombined with a second
Y-junction leading to an interference effect. For a single-drive MZM, the phases
applied on both arms can be exactly the same or can have opposite signs depending
on how the electrodes are set. In the first case, the MZM is said to be in a push—push
mode and will be equal to a pure PM. In the case of opposite phase signs, the MZM is
said to be in a push—pull mode and will be equal to a pure IM. For a DDMZM, in the
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general case of different voltages applied, the modulator is both a PM and an IM, as
described in the following.

3.2. Comb Generation with Electro-Optic Modulators

We now introduce the experimental setups, to generate OFCs, based on EOMs. To
understand the different characteristics of these setups, it is first necessary to under-
stand the theory behind the generation of comb structures with EOMs. As presented
in the previous part, each EOM is based on the phase modulation of an input CW laser
and, depending on the components added around (polarizers, quarter-wave plates,
interferometer, etc.), the modulator acquires other functionalities. It is then useful to
know the characteristics of the combs that can be generated with the different EOMs
available.

3.2a. Principles of Electro-Optic Combs

In this part, we come up to the theory behind the generation of EOCs. We will see,
when possible, the form of the spectral output delivered by the different existing
EOMs. Moreover, several characteristics of these EOMs will be presented such as
the number of lines that can be generated or, when relevant, the obtained shape of the
comb under particular conditions.

Phase modulator. Let us consider a PM of modulation index X that is fed by a CW
laser at a carrier frequency w, and of amplitude A,. The modulator is driven by an
electrical sinusoidal waveform generator at a modulation frequency w,,. Thus, the
electrical field is given by V(¢) = V} sin(w,,z), where V; is the peak voltage. At the
output of the modulator, the initial optical field acquires a phase Ap = KV (¢), and
thus the output optical field A can be expressed as

A([) — Aoei“’"teiA") — Aoei“’"teikvo sin(w,,,t)‘ (15)

In the frequency domain, the amplitude spectrum is obtained by FT, and we have

oo

—00

A(w) = FT(A®})) = Ao (0 — w,) * ( / P Sin(wm%-fw’dt) ) (16)

Using the Jacobi—Anger expansion, i.e., by expanding plane waves in series of cylin-
drical waves [38], we obtain

o0 n=—0Q0

121(60) = Apd(w — w,) * (/oo Z ]n([(%)eit(”‘””‘_‘”)dt)

=4y Y J(KV0)d(@— nw, — w,), (17)

n=—00

where /, are the Bessel functions of the first kind. The last equation shows that the
optical spectrum is an OFC where all the frequencies of the comb are defined by

w=w,=nw, +w, Wwith neZ. (18)

If w, 1s decomposed such that w, = pw,, + @y, where p € N and wj is the carrier
envelope offset frequency, then Eq. (18) is given by o, = (z + p)w,, + @y, which
is equivalent to Eq. (3) when renumbering the index of frequencies. However, when
dealing with EOCs, the Eq. (18) is much more practical and natural to use since it
shows the frequency of the input CW laser, which is usually known compared to w,
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which has to be measured. Expressed this way, the integer » gives the line number in
relation with the CW component sets at » = 0.

Equation (17) also shows that the amplitude of the EOC lines follows the Bessel
functions of the first kind /,, which are presented in Fig. 8(a) for the first four. This
characteristic is particularly important since we can see that the modulation index K
and the peak voltage V; are the only parameters that fix the amplitude, the flatness,
and the number of lines of the comb. Figure 8(b) presents an example of simulated
EOC that can be generated with a PM. It shows that a comb generated by a PM
presents two maximums around the wings of the spectrum, with this feature arising
directly from the sinusoidal form of the voltage V/, which is commonly used but inde-
pendent of the peak voltage V4 and the modulation index K. However, the positions
of these maximums depend on V; and K. Thus, this feature can be used to arbitrarily
define the number of exploitable lines /V of the comb as the number of lines exist-
ing between the maximums of the spectrum. This definition leads to /V being twice
the order of the Bessel function associated to the lines of maximum amplitudes. A
numerical simulation presented in Fig. 9(a) shows that /V closely follows a linear
function defined by

N=2|KW], (19)

where | -] is the floor function [39,40]. We can see from Fig. 9(a) that for high K V4
values, an overestimation appears, but since this definition of N does not take into
account the comb lines on the wings of the spectrum, this overestimation can be
seen as closer to the real number of comb lines generated by the PM. However, for
low KV}, values, the number of comb lines /V as defined above is far from the actual
number of lines generated by the PM, simply because of the predominance of the
lines on the wings. For a more accurate definition of the number of lines generated, NV
should be then defined relative to an intensity limit. With such a definition, numerical
simulations show that Eq. (19) is no more valid, but /V can still be approximated by
simple nonlinear functions that are empirical to find. Figure 9(b) shows the graphs of
N defined by different intensity limits and their least squares fit of simple nonlinear
functions. Nevertheless, Eq. (19) is still a good approximation since high values of
KV, are generally considered and the exploited lines are generally on the top of the
spectrum. Note that for a single PM, KV, rarely exceeds a value of 15, but higher
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values can be obtained when cascading modulators, which is why Fig. 9 displays K V;
values up to 45.

Mach-Zehnder modulator. Now, let us consider combs generated with MZMs
starting with the general case of a DDMZM where, on one arm of the EOM, a voltage
Vi(#) = Vo1 sin(w,,?) is applied, whereas a voltage V;(z) = V}, sin(w,,?) is applied on
the second arm. The temporal output of this modulator is then given by

Ao o (eI MOHD | (i(AO+ Y

A(r) = 7

(20)
where K and K, are, respectively, the modulation indices of arms 1 and 2 and V,;
and V,, are the bias voltages applied on arms 1 and 2. The optical spectrum is thus
given by

o0

~ A . .
A@) = 3 UK Voe ™ 4 ], (Ka Vo) 2752) $( = no, — ). (21)

n=—00

Compared to a PM, the bias voltages add a degree of freedom, which will be particu-
larly useful for spectrum flattening. Although the number of comb lines generated
with a DDMZM, when the RF signals and the bias voltages are different, is similar to
the number of comb lines generated with a PM, the shape of the comb generated can
be drastically different; therefore, only a definition based on an intensity limit should
be used in this case.

As already mentioned, a DDMZM is a PM and an IM. Equation (20) allowed us to
simply investigate the spectral domain by FT, but the temporal domain can also be
studied by writing the output temporal envelope A in the following form:

A(F) = Age™ e T KIVO+VD) i3 Ko (0 +Vi2)
1
xcos | S(K(Vi(@) + Vi) = Ko(Va(6) + V32)) | (22)
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and thus the transfer function of the DDMZM is given by

Eout 2 1
T= ||E- ||2 = cos’ (5(1(1(1/1(?) + Vi) — Ky(Val(2) + Vb,z))) . (23)

This last equation shows that the phase modulation is accompanied by an intensity
modulation.

The above study of the DDMZM can be restricted to a single-drive MZM in the push—
push mode (and thus a pure PM) by setting K1 = K>, = K, Vo1 = Voo = Wy, and V| =
V,.» = V,. In this case, the optical spectrum is given by

A@) =A™ Y J(KVo)d(@ — nw, — o), (24)

n=—0Q

which is almost the same as Eq. (17) apart from an additional phase term associated to
the bias voltage. On the contrary, a single-drive MZM in the push—pull mode can be
obtained (and thus a pure IM) by setting K1 = K, = K, Vo1 =—Vo = W, and V,,; =
—V,.2 = V,. Inthis case, the transfer function of this EOM is given by

Eou 2
7 |Eoul

= EF =cos’(KV(t) + KV}). (25)

By applying a bias voltage V, = —%, meaning that K'Vj, = —7, the MZM can be set
to the quadrature point where the transfer function is almost linear, as shown for the
basic IM (see Fig. 6). Regarding the optical spectrum, we have

Alw) = % > (K V)™ + [ (=K Vy)e ™ %) 8(0 — nw,, — w,)
= ? :Zoo TA(K Vo) (5% 4+ (= 1)"e75Y%) §(0 — nw,, — w,), (26)

where we used the fact that the Bessel functions of the first kind are symmetric for
n even and antisymmetric for » odd. Here, a sinusoidal RF signal was used to drive
the MZM. Note, however, that an analytical expression for any other RF signal is
difficult to obtain. Note also that usually, single-drive MZMs exhibit a single input
for the RF signal and one input for the bias voltage V), which simplifies the setup,
and the choice between the push—push or the push—pull mode is made by setting the
electrodes accordingly.

Polarization modulator. Finally, polarization modulators are in-between a MZM
in the push—pull mode and a DDMZM with the same RF voltage applied on both
arms but with opposite signs. A bias voltage V, can be available in some of these
EOMs depending on the architecture, and a polarization modulator is usually used
with an injection at 45° from the principal axes x and y. When using a RF signal
V(¢) = Vp sin(w,,?), the amplitude output of the polarization modulator is given in the
temporal domain by

A(t) — Aoeiw[t (eiKVo sin(wmt)eil(wx + e—z’KVO sin(wmt)e—il(\/;,y) . (27)

At the output of the modulator, the field goes through a polarizer making an « angle
relative to the principal axes of the crystal. The output field is thus

A(r) = Aofiw"t (fiKVO sin(n?) 1KV, cos(a) + o K Vosin(nt) ,—iKVj sin(oc)) , (28)
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which gives in the spectral domain

Alw)=4y Y (J.(KVe)e™ " cos(@) + J,(— K Vo)e Y sin(a))8 (@ — new,, — ,).

(29)

Still using the parity of the Bessel functions with respect to #, the last equation can be
simplified such as

Alw)y=Ay Y J(K Vo) (e cos(ar) + (—1)"e Y sin(a)) 8(w — nw, — o).

(30)

The number of lines generated with a polarization modulator is similar to that of a
DDMZM. Compared to the other EOMs, here the output polarizer adds an additional
degree of freedom to shape the comb structure.

3.2b. Common Setups

Now that we have introduced the different types of existing modulators and the struc-
ture of the comb they can generate, we present the most common setups used to gen-
erate EOCs. Figure 10 shows an illustration of several setups that we will describe in
detail.

Single modulators. EOC generation can be rather straightforward when using only
one EOM, keeping the setup very simple. Three main setups are possible, as presented
in Figs. 10(a)-10(c), and the theory behind each of these setups has been developed in
the theoretical part. Experimentally speaking, these setups are limited by their electro-
optic bandwidth that fixes the maximum linespacing. Nowadays, commercial EOMs
show a common bandwidth around 40 GHz, but some EOMs are also available up to
70 GHz. Note also that EOMs, which are currently in development, can present an
electro-optic bandwidth larger than 100 GHz, which we will discuss in the outlooks at
Section 6. Regarding DDMZMs, several setups have been proposed due to the high
flexibility of these EOMs [41—47], and these setups are generally designed to produce
a flat comb.

Association of a phase modulator with an intensity modulator. Except when
using DDMZMs, setups with only one modulator are rather rare, especially when
high repetition rates are required. As shown before, for the generation of combs with

Figure 10
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PMs, and especially in the Fig. 8(b), the comb structure is not monotonic since comb
lines inside the spectrum can have a very low intensity due to the zeros of the Bessel
functions. This problem can be overcome by flattening the comb when using an IM
after the PM, leading to the setup presented in Fig. 10(d) [48]. Indeed, modulating the
intensity with the same RF signal as the one used for phase modulation allows us to
suppress some instantaneous frequencies [48]. By shifting the RF signal fed to the IM
using electronics components, it is possible to keep only the linear chirped part of the
phase modulated light, which results in a flattened spectrum. Several setups using the
association of a PM with an IM have been reported to produce a flat EOC [48—-52].

Cascade of modulators. For generating a wide EOC at high repetition rates, using
only one EOM is generally not enough. Since an EOM can be damaged if too high of
a RF voltage is applied, this limit being generally below 40 dBm for the most efficient
commercial EOMs, the maximum number of lines generated by an EOM is limited.
This problem can be managed by cascading in series several EOMs, which increases
the number of lines generated by a factor equal to the number of EOMs, leading to
the setup presented in Fig. 10(e). The number of PMs used is typically between two
and four, and an IM is added at the output for flattening the spectrum. Once again,
particular attention must be taken to the relative phase between the EOMs, which
has to be aligned through the use of electrical phase shifters [53]. The number of
lines generated with NV EOMs at a driving voltage V} is equivalent to the number
of lines generated by a theoretical single EOM driven at a voltage NVj. Here, the
number of lines can be determined using the equations and the graphs presented in
Fig. 9. Numerous setups have been proposed using a cascade of EOMs for short pulse
generation or wide EOCs with an external spectral broadening [54—59].

Polarization modulators. EOC generation using polarization modulators is less
common than using PMs or IMs, but some studies have shown the possibility of
using these particular EOMs. Indeed, although a polarization modulator within a two
polarizer configuration can be equivalent to an IM, modifying the polarizer orienta-
tions allows an additional degree of freedom, which can be seen as an advantage to
optimize the flatness or the stability. Moreover, polarization modulators can be used
without a bias voltage, which can show advantages. However, there is no real com-
mon setup used with polarization modulators, and several architectures can be found
with one modulator [60], two modulators [61—63], one modulator plus a PM [64], one
modulator plus an IM [65], two modulators plus an IM [66], or several modulators
in parallel [67,68]. This last configuration, also called a dual-parallel polarization
modulator, requires lower voltage than the two cascaded configuration, and it allows
us to reach higher modulation frequencies.

Electro-optic cavities. A last category of common setups used for EOC genera-
tion can be defined by setups based on an electro-optic effect exploited in a cavity.
This can regroup either EOMs placed within a cavity or a cavity itself subjected to
an electro-optic effect. For the sake of simplicity, we choose to name such a setup
an electro-optic cavity. Several common electro-optic cavities have been designed
through the years, and these setups are presented in Fig. 11.

A natural setup that can be used to increase the potential of a PM is to place the EOM
within a Fabry—Perot cavity, as illustrated in Fig. 11(a) [69—71]. Such setups require
particular conditions in the design since the traveling time of the cavity has to match
the repetition rate of the RF signal. Hence, these setups are generally enslaved to
counterbalance drifts, which would place the setup outside the resonance. Although
these setups do not seem to be easy to implement, they possess interesting character-
istics due to the filtering features of the cavity. Indeed, the architecture of the setup
avoids the increasing of the phase noise of each comb line at high frequency detunings
[72], which can be advantageous. Note that since the cavity is based upon mirrors,
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these setups are free space, but they can be fibered, and they are commercially
available.

A second kind of electro-optic cavity, presented in Fig. 11(b), is based on the incorpo-
ration of an EOM inside a fibered cavity that is enslaved [73—78]. Indeed, for the same
reasons as with the Fabry—Perot cavity, there is a need to keep the setup in a resonant
configuration, which is done by actively enslaving the cavity. These setups present
particular advantages for on chip EOMs [79-82]. Differences with the electro-optic
cavity based on a Fabry—Perot cavity are that this cavity is unidirectional and fibered
and that no mirrors are required.

Finally, whispering gallery mode resonators subjected to an electro-optic effect can
produce an EOC with a setup presented in Fig. 11(c) [83,84]. Compared to the previ-
ous setups where it was only the optical wave that was resonating, in these setups the
RF signal is also resonating, which enhances the electro-optic effect and leads to a V;,
voltage of an order of magnitude below conventional EOMs. Although high advan-
tages are reported, the complexity of designing such setups makes them uncommon
for the moment.

3.3. Advantages Compared to Usual Comb Sources

Now that the common setups for EOC generation have been presented, we will intro-
duce the advantages of generating combs with EOMs as compared to the other com-
mon comb sources, described in Subsection 2.2.

3.3a. Tunability

One of the first advantages of EOCs is that they originate from a CW laser that is
often chosen tunable in frequency. This way, the comb produced by the electro-optic
setup is also frequency tunable since EOMs generally have a large working frequency
bandwidth. For example, commercial EOMs designed for operations near 1.55 pm
can easily be used between 1.53 and 1.60 um, which sometimes depends more on the
manufacturer. Moreover, the repetition rate of EOCs is also easily tunable since it is
provided by an electrical waveform generator. Hence, the repetition rate can be easily
tuned just by acting directly on the purely electronic devices. However, as already
mentioned, this feature is restricted for setups that are not based on a cavity. Note that
these two tunable features can be very interesting in several applications. Such a large
flexibility in tunability cannot be offered by MLLs and even less by microresonators
where the tunability is almost not possible.

3.3b. Repetition Frequency
We have seen that the repetition frequency of EOCs can be easily tuned, but another
advantage of EOCs regarding the repetition frequency is their flexibility without
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modifying the setup. Indeed, EOMs can generate an EOC with a linespacing that is
almost equal to their electro-optic bandwidth, typically around 40 GHz for conven-
tional and commercial EOMs. Thus, EOCs cover almost all repetition frequencies
provided by other comb sources at the exception of microresonators that can go well
beyond 100 GHz. Although limited by the electro-optic bandwidth, it is possible to
increase the linespacing of EOCs. More precisely, with MZMs and polarization mod-
ulators driven by a sinusoidal RF voltage, by setting the proper working point of the
EOM, only the odd-order or even-order modes of the comb can be generated, which
increases the repetition frequency by a factor of 2. Up to now, we used the bias voltage
to set the IM to its half-transmission point (the quadrature point), but setting the IM to
another working point such as the zero transmission point can also be useful [85,86].
Indeed, by setting the bias voltage to V, = %, using Eq. (26), the optical spectrum is
given by

A@) =40 Y a1 (KVp)s(@ — Qn+ Do, — o). (31)

n=—00

Consequently, the EOC generated with a MZM set at its zero transmission point has
a repetition frequency of 2w,,, and only the comb lines associated to the odd-order
modes are generated. The same feature can be obtained at the maximum transmission
point of the EOM: under the condition of a null bias voltage, still using Eq. (26), the
optical spectrum is given by

A)= Ay Y Ja(KVp)8(@ =210, — o). (32)

n=—0o0

Hence, at its maximum transmission point, the MZM also generates a comb with a
repetition frequency of 2w,,, but here, only the even-order modes are generated. When
setting the EOM at the zero or the maximum transmission point, one should be careful
of the theoretical number of comb lines generated, which has to be divided by 2 when
compared to the quadrature point, for instance. An example of EOCs, generated by
a MZM in a push—pull mode at these particular transmission points, is presented in
Fig. 12. Note that a theoretical study has generalized this approach with a setup based
on M € N* PMs in parallel, with the MZM being the case where M = 2. Under proper
conditions, an EOC has the potential to be generated with a repetition frequency up to
M times the frequency fed to the PMs [87].
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Nonlinear effects in optical fibers can also be used to increase the repetition frequency
by amplifying only even harmonics of an initial EOC using modulation instability, as
demonstrated theoretically and experimentally in Ref. [88]. These last experiments
showed the generation of EOCs with a repetition frequency up to 80 GHz. Another
example of the use of nonlinear effects for this aim is the Talbot effect combined with
cross-phase modulation, which was experimentally demonstrated in Ref. [89] to be
able to generate an EOC at 5 times the initial repetition frequency of 10 GHz.

3.3c. Spectral Flattening

Compared to other comb sources, EOMs have several degrees of freedom to shape
the comb generated (shape of the RF signal, bias voltage, input polarization state,
etc.), which can be used to obtain a comb with low intensity variations between the
lines, and the theoretical ideal shape would be a pure flat-topped comb. This fea-
ture can find applications in spectroscopy or in the calibration of instruments (see
Subsection 5.3). Two main possibilities are available to produce a flat-topped EOC.
The first one is the use of a set of particular conditions that are fed to the EOMs, as
described below. Whereas, the second way relies on the spectral broadening of the
comb, which reshapes the spectrum. Here we will focus on the first possibility, and
the second one will be described later after introducing the corresponding spectral
broadening phenomenon. Note that further details on the spectral flattening of EOCs
can be found in the review article [53], where some points on the subject have already
been addressed.

Cascade of modulators. As already described in Subsection 3.2b, a common tech-
nique used to obtained a flat-topped EOC is the use of one or several PM(s) followed
by an IM [48,52,90,91]. This technique is particularly interesting since it is independ-
ent of the repetition frequency, and it does not require any other optical components.
However, as it can be observed in Fig. 13(a), which shows a numerical simulation
of an EOC obtained in this configuration, the power fluctuation obtained by only
cascading EOMs is of several dB. The flatness is still better than the comb presented
in Fig. 8(b), where no IM was used. Similar results can be obtained only with PMs
associated with a dispersive medium between two PMs [92,93]. In this case, the dis-
persive medium acts as a time-lens, and pulses are generated in the same way as when
using an IM. This approach is a particular case of time-to-frequency conversion of
flat-topped pulses [94]. Adding a dispersive medium between a PM and an IM can
also lead to an increase of the flatness of an EOC [95]. Here, an optical fiber acts as a
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chirp stretcher, which transforms the phase profile towards a quasi-parabolic profile
instead of a sinusoidal one within the time region where the IM will carve out pulses.
Using this technique, a flatness with a power fluctuation of less than 1 dB can be
achieved over the whole bandwidth of the comb [95].

Use of Mach-Zehnder modulators. Another approach for generating flat-topped
EOCs is to use DDMZMs. Indeed, knowing the additional degrees of freedom avail-
able compared to other EOMs, it is possible to find a particular set of parameters
regarding the amplitude of the RF voltages and the bias voltages, so that when both
arms are combined, they become complementary in the intensity of each comb
lines, and the output is a flat-topped EOC [41,42]. Figure 13(b) shows a numeri-
cal simulation of an EOC obtained with a DDMZM with KV, — K> V2 = 7 and
K1 Vy1 — Ky V2 =7 [42]. Other studies using several input CW lasers feeding a
single DDMZM showed that a flat-topped EOC can be produced [45]. Note that the
approach presented above can also be used for generating flat-topped combs when
using MZMs in parallels [96—100].

Optimization of the RF signal. Another approach to produce a flat-topped EOC is to
use a RF signal that is not purely sinusoidal. Since electronic components can easily
allow the generation and shaping of RF waveforms, this solution shows a certain
ease of doing compared to pure optical methods. In general, the used RF signals are
not highly different from pure sinusoidal signals, and only small changes are made.
The combination of a sinusoidal signal with its second harmonic is one of the main
approaches. It can be applied either on a particular EOM in the setup [51,101], or
to the different arms of a DDMZM [44]. This approach is motivated by the fact that
under proper amplitudes and phase shifts, the phase applied by electro-optic modula-
tion is quadratic, leading to a linear chirp and thus to a flat-topped spectrum. Studies
on high-order harmonics have also been performed [102,103].

In what concerns the optimization of the RF signal, it has been demonstrated that a
small frequency offset applied to a particular EOM could flatten the spectrum [104].
Finally, it was demonstrated that ultra-flat-topped EOCs can be generated using an
optimized bit sequence on an EOM [105,106].

Generation of Nyquist pulses. Flat-topped EOCs can be obtained by generating
Nyquist pulses using EOMs, and especially cardinal sine pulses. Indeed, the FT
of such pulses is a rectangular function, which gives a natural approach to gener-
ate flat-topped EOCs. Most of the methods for cardinal sine pulses generation are
based on MZMs driven with particular RF signals, which mix several aspects intro-
duced above. One of the common ways is to use two MZMs in series [107-110],
and the rectangular-shaped spectrum is obtained by applying particular RF signals
and bias voltages, sometimes together with an optical treatment between the MZMs
[109,110]. All required parameters highly depend on the setup used, but some theo-
retical studies can be found regarding this point (see in particular the Methods section
of Ref. [107]). Besides two MZMs in series, other setups have been proposed based
on a dual-parallel MZM [111] or a single DDMZM [112], for instance.

4. ELECTRO-OPTIC MODULATOR LIMITATIONS AND BYPASSING
METHODS

In the previous part, we presented the generation of EOCs and their advantages when
compared to other comb sources. However, we relatively stayed in the theoretical
surroundings, and most of the experimental reality of EOMs has not been discussed.
Indeed, some characteristics related to EOMs are not as perfect as they could be in
theory due to limitations in their conception, for instance. Here, the main limits of
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generating EOCs will be presented starting by several intrinsic characteristics of
EOMs. The next part will deal with a pure experimental limitation in EOC generation,
which is the accumulation of the phase noise and how this problem can be managed.
Finally, several ways will be proposed to improve one of the main drawback of EOCs,
namely their limited spectral bandwidth.

4.1. Modulator Intrinsic Characteristics

As mentioned above, the experimental reality of EOMs makes EOCs slightly different
from what can be expected from theory. In particular, several characteristics of EOMs
need to be taken into account for a more accurate description of EOCs. These charac-
teristics, which generally lead to limitations, will be introduced here starting with the
drawbacks associated to the conception of EOMs. After that, we will discuss the limi-
tations due to the operating wavelength of EOMs.

4.1a. Drawbacks Due to Imperfections

Extinction ratio. One of the main drawbacks regarding nonperfect MZMs is the
finite extinction ratio (ER), which can affect the quality of IMs. The ER is related to
the residual power coming from the CW laser that is not modulated. This character-
istic is due to the fact that a MZM always has imbalances between its arms and even
the smallest asymmetry leads to a finite ER. For instance, the Y-junctions of the MZM
are not perfectly 50/50 dividers, which creates asymmetries. In the temporal domain,
a finite ER leads to a CW background that can be detrimental. If 7, is the maximum
peak power of the pulse modulated and P, the power of the CW residual background,
then one can define the ER xR, such as

P, + P,
P,

TER = (33)
Standard IMs possess a typical ER of 20 dB. A value of 30 to 40 dB is achievable, but
the EOM needs a bias voltage that is well controlled. Indeed, the bias voltage, apart
from setting the EOM to a given point of modulation, also helps to reach a balance of
the MZM by inducing a phase that compensates the asymmetries. Consequently, any
drift of the bias voltage from its optimum point due, for example, to temperature vari-
ations, will cause the ER to decrease.

Regarding the EOC generation, a finite ER leads to the presence of a powerful central
component. A low finite ER is especially detrimental for spectral broadening as it will
be shown in Subsection 4.3a. Moreover, a low ER has the drawback of lowering the
energy in the generated pulse and thus its peak power. Note that the CW background
can be reduced by cascading two or more IMs, which increases the overall ER of the
setup.

Residual amplitude modulation. Residual amplitude modulation is a limitation
of imperfect PMs due to an unwanted amplitude modulation of the laser [113,114].
Residual amplitude modulation can arise from several physical effects such as an
electro-optic crystal that is inappropriately designed or an optical injection of the laser
that is not optimized [115,116]. Regarding the shape of the EOC, residual amplitude
modulation induces an imbalance in the amplitude of the lines [115], but also a noise
that can be detrimental, as it will be seen later [116—118].

4.1b. Operating Wavelengths

Nowadays, commercially available EOMs are mainly based on LiNbO;, which has a
transparency window from the visible to around 5 pm. However, for efficient electro-
optic modulation, modulators have to be optimized in their design (waveguides,
cutting, etc.), which restricts their operating wavelength to a given spectral region.
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Although a given EOM could operate outside its assigned spectral range, it will not
be optimized for this operating region, and its efficiency will decrease (a higher V,
voltage could be needed, the ER could be lower, etc). This drawback means that for
generating an EOC at a given wavelength, the EOM must be designed accordingly.
Commercially available EOMs do not possess a full range of operating central wave-
lengths, and since EOMs were at first a design for telecommunication applications,
the available central wavelengths are indexed on optical telecommunication bands
and especially in the near-infrared (NIR). Therefore, one can find EOMs in the first
telecommunication window around 900 nm, in the O-band around 1300 nm, in the
C + L band around 1550 nm, and around 2000 nm.

As we have discussed above, the electro-optic effect decreases according to the
inverse of the wavelength A; thus, it is more difficult to obtain efficient EOMs work-
ing at high wavelengths such as in the mid-infrared (MIR). However, studies based
on other materials than LiNbO; have been reported for MIR operating EOMs such
as using Si-on-LiNbO; [119], or black phosphorus [120]. Note that wavelengths
for which EOMs are not especially designed can be reached by nonlinear frequency
conversion of an EOC after its generation. For instance, crystals or waveguides can be
used for harmonic generation, which can lead to EOCs operating in the visible domain
[121-124]. Wave mixing phenomena can generate instead EOCs in the 2 pm region
[125], or in the MIR [126—128]. The nonlinear frequency conversion processes of
EOCs will be further investigated in Subsection 4.3b.

4.2. Noise Sources

In all physical setups, different sources of noise can be detrimental for the stability
of the system but also for the feasibility of potential applications. This is especially
true for OFC generation that requires a low phase noise. Indeed, since a comb is the
result of the interference between a set of pulses, if the pulses possess too large ran-
dom phase contribution, i.e., a high phase noise, then the spectrum cannot reveal the
shape of a comb. To be more precise, any source of noise will restrain the comb from
acquiring an ideal set of Dirac structure: the more important the noise is, the more the
lines of the comb will be broadened [8,19].

To observe this in a mathematical context, let us take Eq. (1), where we considered
an ideal pulse train without any source of noise. The form of the pulse train in this
equation can be modified to take into account several sources of noise that are time-
dependent such as amplitude noise A Ay, phase noise ¥, or noise in the repetition rate
At (also called timing jitter). By performing the changes in Eq. (1), the form of the
pulse train becomes

F@&) =" (Ao + AAy())a(r) cos(w.r — n)) * 8(z + nT + AT(2))e™,  (34)

n=—00

where « is the normalized pulse envelope function defined without amplitude noise
such as A(¢#) = Apa(¢). In conventional MLLs, all these sources of noise have to be
taken into account [8,19]. In EOC generation, noises have different origins com-
pared to MLLs, and the phase noise is particularly the main issue. As a matter of fact,
although studies were performed also on the timing jitter of EOCs [129,130], in the
following, we will only deal with the phase noise. Generalities on noises related to
OFCs can be found in Ref. [19].

When only the phase noise is taken into account, the previous equation can be simpli-
fied to
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f(r)= Z ((A(2) cos(w,.t — n@)) * 8(t + nt))e’”®. (35)

n=—00

In this case, we can obtain the optical power spectrum S such as demonstrated in
Ref. [8],

(36)

| A — @)l i 280,

= (0—w,)+ Aw,
where Aw;, is the width of a line of the comb related to ¢ and w, = nw, + w, as
previously defined. Consequently, the comb deviates from a pure Dirac structure,
and it shows a set of Lorentzian lines. This feature can be particularly detrimental if
spectral broadening of the comb is considered since the new generated comb lines
will see their linewidth increased with respect to the index line number [131]. If the
broadening of the lines becomes too important, i.e., if there is too much phase noise
accumulated on the new generated comb lines, then the comb will lose its structure. In
the present part, this phenomenon will be investigated in the particular case of EOCs.
This will lead to the methods that can be used to avoid the phase noise accumulation
problem.

4.2a. Phase Noise Origin

To bring to light how the phase noise influences the structure of an EOC, let us take
again a PM that is fed by a voltage V (¢) = V} sin(w,,t + ), where 1 is a static phase
noise coming from the RF oscillator. Using Eq. (15), the output spectrum of the EOM
is now given by

A@)= Ao Y J(KVo)e™ §(w — nw,, — w,). 37

n=—00

This last equation shows that the »th line has a »y phase. Such a simple example
shows the main problem of the phase noise coming from the RF oscillator, which
is the accumulation of the noise on the generated lines: it increases linearly with
the index line number. We considered above a static phase noise, but if we con-
sider instead a low amplitude time-dependent phase noise r, which allows us to
approximate ¢V ~ (1 + in (¢)), the output spectrum can be written as

A@) =4 Y. JKVBG@) + infr (@) %8 — nw, —w,),  (38)

n=—00

where ¥ (w) = FT(¥ (¢)). Similarly to the case of a static noise, this last equation
shows that the phase of a comb line increases linearly with the index line number and
proportionally to the spectrum of the phase noise of the RF oscillator. Moreover, by
taking into account higher-order terms in the expansion of ¢/”¥®_ one can note that
the amplitude of the comb lines can also be affected by the phase noise. As already
mentioned in the introduction, the accumulation of the phase noise can be problem-
atic, especially if the integrated phase noise of each spectral line exceeds 7 radian.
In this case, the first-order coherence of the comb will degrade as #?, and the comb
will loose its structure [132,133]. Figure 14 illustrates the problem of the phase noise
accumulation.

The problem of the phase noise accumulation for EOC generation has been put into
light theoretically by Ishizawa et al., and measurements of the integrated phase noise
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have been performed to observe this phenomenon [134]. The experiments clearly
showed that different RF oscillators lead to a different linear accumulation of the
phase noise with respect to the line number. Other studies, where the phase of the
comb lines has been directly recorded, were performed to put in evidence the phase
noise accumulation, and the results are coherent with the previous ones [135].

The particular characteristic of phase noise accumulation can be detrimental if spec-
tral broadening of the comb is considered. Indeed, EOCs possess a much smaller
bandwidth compared to OFCs obtained with conventional sources, so spectral broad-
ening EOCs might be required (this will be further discussed in Subsection 4.3a).
However, for an efficient spectral broadening, the phase noise has to be considered
and managed so that its accumulation on the new created lines does not deteriorate
the coherence of the pulse train and, thus, the structure of the comb. Figure 15 shows
an example of spectral broadening in a highly nonlinear fiber (HNLF) of an OFC
generated with an IM driven by a RF oscillator possessing either a high or a low RF
noise. We can observe that with a high RF noise [Figs. 15(a) and 15(c)], the comb
structure is not uniform over the whole optical bandwidth, whereas with a low RF
noise [Figs. 15(b) and 15(d)], lines can be observed over the whole spectrum. From
this simple experiment, it is clear that the phase noise plays an important role for
spectral broadening. Consequently, controlling and reducing the phase noise of an
EOC is a real issue that we will now investigate to see which techniques can be used
to handle it.

4.2b. Phase Noise Reduction

Reduction of the phase noise over the whole bandwidth of an EOC can be performed
using different techniques. As shown in Fig. 15, the first and the most intuitive way
is to use RF components that have an ultralow phase noise. This approach can be
enough for several applications, and it has the advantage of keeping the setup simple.
Note, however, that even the most perfect RF components have a noise that can be
detrimental [132]. With the same idea, using a CW laser with an ultrahigh coherence
(i.e., with the lowest spectral linewidth possible) will make the generated EOC with a
low phase noise. But, as for the RF components, even the most perfect CW laser has a
phase noise that can be detrimental.

The next step towards phase noise reduction is generally the use of a feedback tech-
nique on the EOC generation. Watts ef al. were able to reduce the noise of a 16-line

Figure 14
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EOC allowing them to decrease their linewidth from around 20 MHz to almost below
100 kHz for the entire comb [136]. The idea behind this particular feedback technique
is to measure the phase noise of a single line and to apply over the entire comb a
signal that is the inverse of the previous measurement, which compensates the origi-
nal noise. With the same idea, another feedback approach was used in Ref. [137].
Ishizawa et al. used a MLL whose output comb is referenced to a frequency standard
providing narrow lines compared to an EOC. When the MLL is combined with the
EOC, interference signals are recorded, compared to a reference, and fed back to the
self-adjusted RF generator of the EOC, thus compensating the increasing of the phase
noise with the line number. A similar approach of phase locking between several lines
of an EOC and a MLL is demonstrated in Ref. [138].

Further phase noise reduction can be investigated using a Fabry—Perot cavity as a
comb line filter. We mentioned earlier that electro-optic cavities based on a Fabry—
Perot configuration could help with avoiding some accumulation of the phase noise
[72]. This is due to the transfer function of the cavity, which has a comb shape with
Lorentzian lines of a few MHz linewidth (also called an Airy distribution [139]).
Thus, by matching the free spectral range of the cavity and the repetition rate of the
EOM, the cavity can be used as a powerful line-by-line filter. A Fabry—Perot cavity,
when not exploited in an electro-optic cavity, is usually used after a spectral broad-
ening stage and thus after the EOC generation [58,132,133]. The aim is to provide a
comb with a reduced phase noise [see Fig. 14 (yellow comb)] that can be spectrally
broadened a second time without loosing the comb structure. Note that a Fabry—Perot
cavity can also be used to stabilize the CW laser using a Pound—Drever—Hall locking
scheme, which reduces its linewidth and thus increases its coherence [91,140].

Figure 15
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4.3. Spectral Properties

Compared to MLLs, EOMs can produce at maximum only a few hundreds of GHz
wide optical spectra, which is one of the main drawbacks of these combs. Though it is
possible to increase the bandwidth of EOCs by implementing EOMs within a cavity,
disadvantages can arise from the required enslavements and from the repetition rate
fixed by the design. Lots of studies have been performed to increase the bandwidth of
EOCs without cavities. As already seen, another possibility is to cascade EOMs and
more particularly several PMs plus an IM, with the IM being used to flatten the spec-
trum by keeping the linearly chirped part of the modulated light. Even though the
widths available are still very narrow compared to common comb sources, since the
pulses are linearly chirped, they can be second-order dispersion compensated using
fibers, gratings, or spectral shaping [141]. This can lead to short pulse generation well
below the capabilities of EOMs, which is also favorable to a possible further spectral
broadening [142].

4.3a. Spectral Broadening

Cascading EOMs to increase the bandwidth of EOCs is a solution that is not conven-
ient for obtaining large spectra since it would require too many EOMs, thus increasing
the cost and the complexity of the setup. A different approach used for the same goal
is to broaden the EOC in nonlinear materials. In the following, we will see the ways of
broadening EOCs with and without taking care of the phase noise accumulation prob-
lem.

Direct broadening. The most common way of broadening EOCs is by using non-
linear effects in optical fibers or waveguides [24]. Here we take advantage of the
all-fibered feature of EOMs, which avoids the complexity of spatial alignment and
injection in the nonlinear material. Regarding the fibers, HNLFs operating in the
normal dispersion regime are generally used in order to avoid detrimental effects such
as modulation instability that could dramatically decrease the coherence of the pulse
train [143]. Indeed, in the anomalous dispersion regime, modulation instability is
known to exponentially amplify noises in a bandwidth close to the pump source [24].
Thus, operating in the normal dispersion regime can avoid this effect. Depending
on the soliton number /V, the broadening can be made by self-phase modulation or
dispersive shock waves when the dispersion coefficient is relatively high [24]. Let us
recall that the soliton number N is defined as N* =y Py| B,|~'82, where y is the Kerr
coefficient, §, is the second-order dispersion parameter, 7 is the input peak power,
and & is the ¢! temporal half-width at half-maximum in intensity. Consequently, to
obtain a large spectral broadening, pulses have to be generated to obtain a high peak
power. Thus, the common setup used to generate an EOC is several PMs plus an IM.
The output is then second-order dispersion compensated to obtain short pulses (below
1 ps) that can be amplified.

A number of studies have been reported on EOC spectral broadening in nonlinear
fibers [49,54,85,144—148], and some works even present the use of several HNLFs
[149,150]. The results lead to very diverse outputs from a few tens of nanometers to
almost an octave spanning EOC, especially when using an ultralow noise generator
and referencing the different elements of the setup to a frequency standard. In this
case, EOCs can be broadened up to several hundreds of nanometers, and an example
of used setup is presented in Fig. 16 [151]. Further broadening becomes very close
to supercontinuum generation and is harder to generate without loosing the comb
structure. Scrambling of the comb structure can only be avoided by limiting the phase
noise accumulation.
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Direct spectral broadening can also be performed using the features of nonlinear
optical loop mirrors (NOLM) and/or nonlinear amplified loop mirrors (NALM)
[152,153]. A schematic of such devices is illustrated in Fig. 17. Commonly used in
telecommunications, NOLMs and NALMs are nonlinear devices that can shape the
temporal and spectral profile of pulses using particular HNLF characteristics, ampli-
fier gain, coupler ratio, etc. For example, NOLMs can help to reduce the power of the
CW background or parasite lobes of pulses, which can be particularly interesting for
EOC generation [154,155]. Moreover, spectral broadening occurs within the loop,
and the shape of the spectrum can be tuned using the same degree of freedom, as listed
above. Compared to a direct injection into a HNLF, the additional degrees of freedom
of NOLMs and NALMs facilitate the spectral shaping of EOCs but at the expense
of a greater complexity of the devices. Moreover, NOLMs and NALMs are known
to be highly polarization-dependent, which makes the setup highly sensitive to the
environment [154].

Noise compensation. As shown previously, phase noise compensation becomes
essential for large and efficient spectral broadening. Setups that take into account the
phase noise accumulation limitation have already been presented in Subsection 4.2b,
and thus here, we will only focus on the part associated to the broadening of EOCs.

Phase noise compensation for EOC spectral broadening is generally used to obtain
a comb that spans over an octave enabling self-referencing. Due to the complex
setups needed, only a few demonstrations of such broadenings have been performed.

Figure 16
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These broadenings are generally made in a two stage mechanism: the first stage is
a standard nonlinear broadening in a HNLF with low dispersion, thus resulting in
a pure self-phase modulated spectrum that spans over a few tens of nanometers.
In the second stage, phase noise accumulated in the first stage is removed using a
Fabry—Perot cavity, as already seen above. Note that a Fabry—Perot cavity can be used
before the first nonlinear broadening stage [156]. Pulses are then chirp compensated
to produce powerful short pulses. The second stage of nonlinear broadening can be
made in a set of optical fibers with particular characteristics [58,132], or in a waveg-
uide [133,157,158]. Figure 18 shows an example of spectral broadening that can be
obtained in a silicon-nitride waveguide for an EOC of 30 GHz linespacing. Note that
other type of architectures can be found based on an optical-pulse-synthesizer with a
spectral broadening made on a single stage but with a succession of HNLFs [59].

4.3b. Spectral Extension

Phase noise accumulation is problematic to obtain a large spectral broadening, and a
complex setup is needed to solve the problem [133]. However, extending the comb
working range can also be performed by parametric conversion for targeting a par-
ticular spectral window. In this case, the comb is not broadened, but it acquires an
extension in a spectral region well distinct from the original comb bandwidth. To
avoid ambiguities, we choose to name these techniques spectral extension techniques.
Spectral extension can be particularly suitable for generating combs in a spectral
region with a far frequency detuning from the initial comb. Indeed, far frequency
detunings would have to be obtained with a broadening close to supercontinuum
generation, and the initial comb would thus need an extremely low noise to keep
the comb structure [133]. To avoid these kinds of complexities, several studies have
been realized to extend the working range of electro-optic setups by converting the
bandwidth of the comb into the desired working range using parametric conversion.
Several nonlinear effects can be used for spectral extension, which will be discussed
in the following.

Harmonic generation. The first approach to extend an EOC is to use harmonic gen-
eration in a crystal. This is a frequency upconversion technique mostly used to reach
the visible domain. For instance, second-harmonic generation, which is a x ® non-
linear effect, can be performed using a standard crystal such as a beta-barium borate

Figure 18
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[123], or a periodic poled lithium niobate (PPLN) crystal [121,122]. In the second
case, only a quasi-phase-matching is available, and thus the intensity of the second
harmonic increases linearly with the length of the crystal. If a sufficient power is
available and if the crystal is well-designed, high-order harmonics might be generated
using high-order nonlinear effects such as x® or x®, which was experimentally
demonstrated up to the fourth harmonic [121]. When the »th harmonic is generated,
the comb will possess a bandwidth that is » times the bandwidth of the initial comb.
Note that waveguides can also be used for harmonic generation such as the third
harmonic [124]. In either case, an efficient spatial coupling is required, and the all-
fibered characteristic of the setup is generally lost. Figure 19(a) shows the principle of
spectral extension by harmonic generation.

Difference frequency generation. Other x ® nonlinear effects can be used for spec-
tral extension of EOCs such as difference frequency generation (DFG). A CW laser of
frequency v, acts as a pump, and an EOC of central frequency v; acts as an idler. By
DFG, a signal at frequency v, can be created according to the relation v, — v; — v;.
Figure 19(b) shows the principle of spectral extension by DFG. DFG can be per-
formed using standard crystals, but a certain flexibility is obtained when using PPLN
crystals. In this case, signals can be generated up to 5 um (the limit of the transparency
window of LiNbOs3), but the main drawback is the need of using a powerful and often
costly CW pump laser.

DFG used for spectral extension of EOCs with PPLN crystals has been reported
especially for reaching the MIR. An EOC generated around 1550 nm combined
with a powerful CW laser at 1064 nm can lead to a spectral extension around 3.3 um
[126,127]. The 3 um spectral region can also be reached by DFG with an EOC gener-
ated around 1050 nm combined with a CW laser around 800 nm [128]. These works
will be further discussed in the application part of the paper in Section 5.

Four-wave mixing in optical fibers. As mentioned above, the use of crystals for
parametric conversion generally leads to the loss of the all-fibered characteristic of
the setup. However, it is possible to use a x ® nonlinear effect in an optical fiber to
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Schematic showing the different possibilities to spectrally extend the bandwidth of a
comb using nonlinear effects. (a) Harmonic generation, (b) difference frequency gen-
eration, and (c) degenerate four-wave mixing.
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spectrally extend the bandwidth of EOCs, which bypasses the problem. Here the
parametric conversion is usually done with a degenerate FWM phenomenon, which
is also called modulation instability [24], where an EOC of central frequency v, acts
as a pump and a CW laser of frequency v; acts as an idler wave. When pump and
idler waves are mixed with the proper phase matching conditions especially given
by the fiber parameters, a signal of frequency v, can be created satisfying the relation
2v, —v; — v,. In this case and compared to DFG, the signal created by degener-
ate FWM will possess a bandwidth that is twice the initial bandwidth of the comb.
Figure 19(c) shows the principle of spectral extension by FWM. Note that the idler
wave can also be a second EOC and that the generated comb can also be extended
[159,160]. Note also that FWM for the spectral extension of an EOC was demon-
strated in a waveguide [161]. Finally, it was recently experimentally demonstrated
that the spectral extension of an EOC can be performed over a large frequency detun-
ing of 40 THz starting with an EOC around 1550 nm and a CW laser around 1310 nm
to create a signal around 2000 nm [125]. However, with such spectral extension, the
fiber has to be carefully engineered to provide an exploitable comb without the need
of amplifying the signal.

4.3c. Spectral Flattening

Spectral broadening of a comb can be accompanied with a spectral flattening of the
comb, which can be a desired feature, as described in Subsection 3.3c. Here, we
point out the effects that lead to the flattening of the spectrum by spectral broadening.
Note that spectral extension can also be accompanied by a spectral flattening feature
[159]. Since Ref. [53] has already presented some of the following results, we will be
succinct on these points.

Dispersive shock waves. As already seen in the previous part, spectral broadening is
more efficient in the normal dispersion regime and can be made by dispersive shock
waves [24]. Besides avoiding certain detrimental effects such as modulation insta-
bility, this method has the advantage of flattening the spectrum [55,162—165]. This
feature can be observed in Figs. 15(b) and 15(d), where the spectral broadening of an
input cardinal sine spectrum was made by dispersive shock waves leading to a flat-
topped output comb. Note that the flattening has the advantage of being independent
of the shape of the input pulses [165].

Nonlinear loop mirrors. In the previous part, we have seen that spectral broadening
can be performed using NOLMs/NALMs. These nonlinear devices can also be used
to shape the spectrum, which can be particularly interesting for spectral flattening.
Several experimental demonstrations have been made for this particular application,
and highly flat EOCs can be obtained over a few nanometers up to more than a hun-
dred of nanometers [146,155,166,167]. Here, loop mirrors are used as a nonlinear
pulse shaper to obtain flat-topped pulses with a quadratic phase (and so a linear chirp)
giving a flat-topped EOC. This can be achieved with a setup that is well-designed
using optical fibers with particular parameters. However, the setup used is dependent
of the repetition frequency, which limits its use [155].

Although EOCs possess some limitations, several ways to overcome those issues
have been presented in this part, which explains why the EOC topic has exponentially
grown in the recent years.

5. APPLICATIONS OF ELECTRO-OPTIC FREQUENCY COMBS

OFC:s first revealed their potential in frequency metrology [5], but lots of other appli-
cations have been developed afterwards. In this part, we present the applications
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where EOCs have shown particular interests. We start with the spectroscopic applica-
tions since some concepts often used in this field can be applied in other fields. This
will lead us to other interferometric applications that are based on two mutually coher-
ent EOCs such as distance measurements or optical imaging. After that, spectroscopic
applications will be discussed again, but through the calibration of spectrographs
using EOCs. This will introduce the more fundamental applications of EOCs that
we will extend to the spectral shaping of EOCs for arbitrary waveform generation.
Finally, the applications for RF photonics and telecommunications will be discussed.

5.1. Spectroscopy

OFCs can be very appealing for use in spectroscopy since all the frequencies of the
comb can be known with an extreme accuracy. For instance, in the case of absorption
spectroscopy, the central wavelength of an absorption line can be measured with a
resolution that is equal to the linespacing of the comb. Given that EOMs can provide
low repetition frequencies, high resolution spectroscopy can be considered with
EOCs. On the contrary, high repetition frequencies can also be achieved, which is
well-adapted to liquid phase spectroscopy instead. In this part, we present the use of
EOC:s for spectroscopic applications. One can split these studies in two distinct parts:
a spectroscopy made using a single comb and spectroscopy made using two mutually
coherent combs, which is a powerful and smart technique. With both techniques,
heterodyne measurements have to be performed since resolving the comb lines with
a spectrometer or an optical spectrum analyzer is generally very difficult. Indeed, this
equipment rarely possesses a resolution sufficient enough to resolve the lines of the
comb, which prohibits the direct use of the comb structure.

5.1a. Single Comb Spectroscopy

Using a single comb for spectroscopic applications is the easiest solution, especially
for linear spectroscopy, which we will consider here. The choice of EOCs for single
comb spectroscopy relies on the possibility of easily getting a low linespacing (kHz
or MHz) and thus a very high resolution. Although MLLs can provide such repetition
rates, they are more bulky and usually free space, and they are not easily tunable
regarding their repetition frequency and their central wavelength, which can be dis-
advantageous. Indeed, single comb spectroscopy has a need for a particular line of
the comb to be resonant with the atomic transition investigated. Thus, EOCs possess
certain advantages here, and a low repetition frequency can be used to probe fine
and hyperfine atomic transitions, which are associated to low frequency differences
between energy levels.

Several works showed the use of EOCs for atomic spectroscopy [168—172]. In these
studies, a CW is split in two arms, where one of them feeds a PM driven by an arbi-
trary/pseudorandom waveform generator. The result is an EOC that spans over a few
GHz with a linespacing that can be of a few thousands of kHz [170,171], or a few
MHz [168,169,172]. In these setups, either the EOC or the second arm of the initial
CW laser is frequency shifted using an acousto-optic modulator. In both cases, the
CW laser will be used as a local oscillator for heterodyne measurements, and in paral-
lel, the EOC is directed towards a gas cell, and the output is combined with the local
oscillator. The beatnote between each line of the comb and the local oscillator gives
rise to a signal in the RF domain, which possesses the information on the absorption
of the gas. Note that in this configuration, the bandwidth of the comb has to be smaller
than the bandwidth of the detector to resolve all the beatnotes in the RF domain.
Moreover, since the width of the comb is of a few GHz, this technique is generally
restricted to the study of a few transitions that have to be rather narrow.
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5.1b. Dual-Comb Spectroscopy

More recently, another approach has emerged to perform spectroscopy: the so-called
dual-comb spectroscopy (DCS) technique [173,174]. DCS is also a heterodyne tech-
nique but with the use of a second comb instead of a CW laser, as it is in the case of
single comb spectroscopy. Indeed, heterodyne measurements with a CW laser cannot
be performed if the comb source is too wide since detectors and analyzers rarely pos-
sess a bandwidth exceeding 100 GHz. Thus, other techniques have to be investigated
for spectroscopy on wider scales such as DCS.

The principle is the following: two mutually coherent OFCs with a slightly different
repetition frequency A f;, can interfere and produce a third comb in the RF domain
with a A fi, linespacing. If at least one comb is partially absorbed by a sample before
interfering, then the absorption lines are also visible in the RF domain. Moreover, the
dispersion spectrum can also be retrieved if only one comb experiences the absorp-
tion. The combination of the absorption and the dispersion spectrum is called the
complex spectrum. Figure 20 presents a schematic showing the principles of the DCS
technique.

The dual-comb technique is very popular since it allows real-time measurements and
lets all the advantages of OFCs enter the spectroscopic field: it overcomes the fact
that combs with a low repetition frequency cannot be resolved when using a spec-
trometer or an optical spectrum analyzer by transposing the combs in a domain much
easier to analyze. However, the technique is usually known as complex to implement
since there is a need of mutual coherence between two combs. When the combs are
generated by two different laser sources, the mutual coherence has to be obtained by
enslavement of the lasers, which can be cumbersome [175,176].

The dual-comb technique becomes more simple when using EOCs: since an EOC
originates from the modulation of a CW laser, two mutually coherent OFCs can easily
be generated by splitting in two arms the initial CW laser and by placing equivalent
EOMs in both arms. The only difference between the combs must be the repetition
frequency that has to be A f;, slightly different. This can easily be done since the
repetition rate is set by a waveform generator, which allows a precise tuning of the
repetition frequency by simply dialing a knob. When designed this way, the mutual
coherence is intrinsic to the setup, and no operation of enslavement is required. The
setup is therefore qualified as being in a free-running mode since the combs are

Figure 20
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generally not referenced, except if the frequency of the initial CW laser is measured
[174].

Several setups based on EOMs have been demonstrated for DCS, and a typical exam-
ple of a dual-comb setup based on EOMs is presented in Fig. 21. In the following, we
describe them according to their overall design complexity.

Using two modulators. The most simple setup for DCS with EOMs is realized when
only one EOM is placed in each arm of the spectrometer. The setup has to be designed
in relation with the sample under study. For instance, a gas at ambient temperature and
pressure presents absorption lines of the order of 10 GHz full width at half-maximum,
whereas a liquid presents wider absorption lines. Thus, the linespacing of the combs
has to be chosen according to the experiment.

The first demonstration of DCS using only two EOMs was made by Long et al. using
DDMZMs [177]. The authors succeeded in recording the complex spectrum of a
particular line of CO, at a repetition frequency of 200 MHz. Further works using
DDMZMs have shown possibilities to improve the precision of the setup [178,179].
In parallel, pure PMs were used in setups for absorption spectroscopy [180-182] or
dispersion spectroscopy [ 183] with a bandwidth around a few tens of GHz and repeti-
tion frequencies ranging from 100 MHz to 500 MHz. Spectroscopy with a resolution
of 20 MHz was also demonstrated by driving the PMs with optimized pseudo-random
binary sequences [184]. Since the comb bandwidth generated by these setups is
relatively small, single gas spectroscopy is generally limited to the probing of one par-
ticular absorption line. However, a mix of gases such as air, due to the relatively low
partial pressures of each gas in the mixture, can present several molecular signatures
when using an adequate absorption length [181].

Finally, setups using IMs for DCS have also been demonstrated by Millot ef al.
[163]. Spectral broadening in a HNLF using a counterpropagative configuration
allowed us to maintain the intrinsic mutual coherence of the combs resulting in
several-nanometer-wide, flat-topped EOCs at a 300 MHz repetition frequency.
CO, absorption spectroscopy was carried out in a 50 m hollow core fiber filled with
the gas, and an example of absorption spectrum recorded in the RF domain and
transposed back in the optical domain is presented in Fig. 22. The simplicity of imple-
mentation of DCS with EOCs has further stimulated its extension to the 2 pm spectral
region, which is much more suitable for gas sensing using standard cells [186].

Using several modulators. As already seen, setups based on the cascading of several
EOMs can be advantageous for flat-topped broadband combs with a linespacing
larger than 10 GHz. This feature can be particularly interesting for liquid phase
spectroscopy since liquids show larger absorption lines compared to gases. Several
experimental demonstrations of such setups have been performed, either for liquid
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General example of a dual-comb setup based on electro-optic modulators. Depending
on the setup and the experiment, some parts such as the broadening stage can be
avoided.

Figure 21
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[187] or gas spectroscopy [157,188,189]. In the case of gases, the results showed that
these setups are not particularly efficient since their resolution is too low. Increasing
the resolution can be made by tuning the CW laser and overlapping several spectra
but at the expense of postprocessing data treatments [188,189]. However, even with
a low resolution, these setups can be sufficient for gas detection over large spectral
bandwidths.

On the contrary, setups using several EOMs show all their potential for dispersion
spectroscopy over large bandwidths at high repetition frequencies. Experimental
demonstrations hold particular promises towards the measurements of small phase
variations such as dispersion induced by waveguides, which is rather complex to
detect due to the small lengths of the waveguides [164,190]. An example of such
spectral phase measurements using a dual-comb setup based on several EOMs is
presented in Fig. 23 [164].

Finally, several modulators can be used as a two stage mechanism for EOC generation
[191,192]. This way, it is possible to produce an EOC with a high resolution starting
from a low resolution EOC.

Using hybrid techniques. Setups for DCS can be developed with hybridizations of
sources or components in combination with EOMs. The motivations of hybridiza-
tion can be purely due to experimental constraints [191], or they can come from the
advantages offered by the other components or sources. An example can be the use
of a spectrally filtered MLL as a source rather than a CW laser [193]. This method
provides directly an arm of the dual-comb setup with the characteristics of the MLL
such as a large bandwidth at low repetition rates and a low phase noise. In the same
time, the second arm of the setup can be created using an EOM that provides higher
repetition rates, flattening possibilities, etc. Thus, these setups usually possess high
differences in the repetition rates of the generated combs, and DCS is made possible
by using the quasi-integer ratio technique, which shows shorter recording time but at
the cost of numerical data processing [194].

Another example of hybrid setup is the use of different EOMs such as an IM and an
electro-optic cavity [195]. Here, the different features between the two EOCs gener-
ated are exploited, which can lead to highly dense EOCs recordable in a very short
time thanks to the quasi-integer ratio technique.
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Example of absorption spectrum of a mix of 90% '2CO, and 10% '*CO, obtained in
the radio frequency domain and transposed back in the optical domain using a dual-
comb setup based on intensity modulators. The solid line in red corresponds to a cal-
culated spectrum using data coming from the HITRAN database [185].
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Exotic architectures. DCS can be performed using other kinds of architectures that
are particularly suitable for EOMs. As already seen, due to the absence of a cavity,
EOCs have the advantage of being agile in repetition rate. Thus, several setups have
been developed to exploit this agility for dual-comb applications [196,197], and
experimental absorption spectra of HCN are reported. Using a single EOC divided
in two arms, a delay can be placed in one arm so that when the repetition rate of the
EOC is rapidly switched, the device output is similar to that obtained with two slightly
different repetition rate combs. The device is then equivalent to a dual-comb setup
with two mutually coherent frequency combs originating from the same source. An
example of such setup is presented in Fig. 24.

However, some drawbacks can be found in this type of architecture. First, the delay
line, which is often a fiber, induces a phase modification in one arm and not in the
other, which can impact the mutual coherence. This can be overcome by putting a
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Examples of spectral phase measurements using a dual-comb setup based on several
modulators. (a) shows the phase induced by the dispersion of 20 m of single-mode
fiber, whereas (b) is for a silicon nitride waveguide. Reprinted with permission from
Duran et al., Opt. Lett. 41, 4190-4193 (2016) [164]. Copyright 2016 Optical Society
of America.
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Example of exotic dual-comb setup based on a delay line and on the modulation
of the repetition frequency of the modulator with two different configurations.
Reprinted with permission from Carlson et al., Opt. Lett. 43, 3614-3617 (2018)
[197]. Copyright 2018 Optical Society of America.
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phase compensator after the delay line [197]. Second, the acquisition speed is limited
by the tuning speed of the RF oscillator whereas in a conventional dual-comb setup, it
is the bandwidth of the detector that limits the acquisition speed [196]. However, this
approach reduces significantly the cost of an electro-optic dual-comb setup since the
components needed are divided by 2.

Finally, emerging setups based on microrings can be used for DCS. A recent work
showed the possibility of recording the absorption spectrum of acetylene with a
10 GHz linespacing [ 198].

5.1c. Wavelength Extension

Almost all dual-comb setups seen above are developed in the NIR since most EOMs
are operating in this domain, as seen in Subsection 4.1b. Obviously DCS would be
more interesting at higher wavelengths, starting at 2 um and up to the MIR, where
gases show stronger absorption lines. Even though EOMs have been reported oper-
ating in the MIR [119,120], some limitations arise for designing dual-comb setups in
this region, especially due to the lack of amplifiers in these regions and the difficulty
to spectrally broaden the combs. Thus, direct electro-optic modulation for DCS in a
spectral region outside the NIR is more difficult to obtain.

As shown earlier, it is possible to extend the spectrum of an EOC using nonlinear
effects, which could be an alternative for dual-comb operations at higher wavelengths
from the NIR. Spectral broadening could also be a solution, but this seems difficult
to implement for reaching the MIR due to the phase noise accumulation issue that
has to be managed, as already described in Subsections 4.2 and 4.3a. Although com-
plex, designing such setups is possible, and a few works have been reported [157].
However, these studies have only reached the 2 um region where dual-comb setups
based on the direct modulation of a CW laser can still be designed [186], and the
used repetition rates do not allow high precision spectroscopy. Spectral broadening to
reach the MIR is not the best solution, while spectral translation techniques are instead
more interesting. For dual-comb applications, the main point is that spectral extension
has to be performed in exactly the same way for each comb to avoid a degradation of
the mutual coherence.

A few works have been reported for converting EOCs via DFG by using PPLN crys-
tals. The first one by Yan ef al. has led to the generation of combs at 3.3 um [126].
The NIR dual-comb setup at 1560 nm presented in Ref. [163] was converted with two
distinct PPLN crystals using a 3 W CW ytterbium laser at 1064 nm. No degradation of
the mutual coherence was observed, and absorption spectra of methane and ethylene
were reported. Note that the conversion of a NIR dual-comb setup can be realized
using only one PPLN crystal, as demonstrated in Ref. [127]. In this work,a 1.5 W CW
laser at 1064 nm and an electro-optic dual-comb setup at 1538 nm were used for the
conversion of the EOCs around 3.45 um, where methane absorption spectroscopy
was performed. Finally, the 3 pm region can also be reached by converting a 1050 nm
dual-comb setup with a 1.5 W CW laser operating around 800 nm, and nitrous oxide,
ammonia, and acetylene complex spectra are demonstrated in Ref. [128].

Another approach reported for the spectral extension of a dual-comb setup is the
use of FWM in an optical fiber. Parriaux et al. reported the use of this technique for
converting the NIR dual-comb setup presented in Ref. [163] to around 2 um [125].
Compared to the use of PPLN crystals, the all-fibered characteristic of the setup is
kept, and using a counterpropagative configuration with a single HNLF helps to
maintain the initial mutual coherence. Note that even if the 2 um region can be probed
with a dual-comb setup designed at this wavelength [186], the spectral extension
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technique presented in Ref. [125] can be used to probe other spectral regions within
the transparency window of the fiber.

Finally, a recent work by Jerez et al. showed the possibility of converting a dual-comb
setup based on EOMs in the terahertz (THz) domain [199]. Although no spectroscopic
measurement was performed, a demonstration of the setup was made by recording the
transmission of a microwave filter in the W-band.

5.2. Dual-Comb Interferometry

Dual-comb setups are not limited for spectroscopic applications. Indeed, interferom-
eters based on two mutually coherent combs can also be used for lots of other appli-
cations. In this part, we present some of them, which are based on EOCs including
optical imaging and distance measurements.

5.2a. Optical Imaging

In the previous part, we introduced different spectroscopic applications that could be
used in the medical domain for analyzing the concentration of certain gases. For medi-
cal analyses, imaging techniques are also highly required to observe the localization
of substances, which can be done using light in the optical domain. Here, lasers can be
highly suitable sources for these applications, especially an OFC, which is a coherent
source. Moreover, dual-comb interferometry can be used for its capacity of high speed
recording, which can be very useful for imaging applications.

A first example of an imaging technique is optical coherence tomography, which is a
three-dimensional imaging technique mostly used in ophthalmology. The first use of
an electro-optic dual-comb setup for optical coherence tomography imaging was actu-
ally the first dual-comb setup ever reported by Lee et al. [200]. However, all the analy-
ses were performed in the temporal domain, and thus the potential of the setup was not
fully exploited.

The second demonstration of optical coherence tomography using EOCs was made by
Kang et al. [166]. Using a setup based on several EOMs and nonlinear loop mirrors,
the authors succeeded in generating two mutually coherent ultraflat EOCs with a
linespacing of 8.1 GHz over 7 nm, as presented in Fig. 25(a). Tomography was illus-
trated by analyzing the interferogram obtained by the retro-reflection of one comb on
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(a) Electro-optic comb generated using nonlinear loop mirrors for tomography imag-
ing. (b) On the top left, photography of the setup showing six slices of glass under
study. On the bottom, example of interferogram obtained by the dual-comb setup,
which, after data treatment, gives the imaging placed on the top right. Reprinted with
permission from Kang et al., Opt. Express 26, 24928-24939 (2018) [166]. Copyright
2018 Optical Society of America.



262 Vol. 12, No. 1 / March 2020 / Advances in Optics and Photonics \ \ m

several objects such as a mirror, a slice of glass and several piled up slices of glass.
Figure 25(b) shows a photo of the setup and an example of interferogram obtained
when analyzing six slices of glass. Moreover, the figure shows the imaging obtained
from the interferogram. The setup can also operate in a video-mode with a depth
imaging available up to 1 cm.

The second example of optical imaging technique is microscopy. Based on EOCs
and a dual-comb interferometer, a single study has been reported so far [167]. The
used setup is highly similar to the one presented in Ref. [166] to perform tomography
imaging but here adapted for the current application. Figure 26 shows an example of
image obtained with this setup on beads and onion epithelial cells.

5.2b. Distance Measurements

Distance measurement is one domain where lasers are the most used, which has led
to the creation of a whole branch of detection methods named LIDAR (light detection
and ranging). In this domain, dual-comb interferometers have also found their place
using a technique very similar to dispersion spectroscopy but without the sample to
analyze. The idea is to measure the phase Ag induced by the propagation of a comb
over a distance L, which is proportional to this distance. With a dual-comb system,
this measurement can be easily done in the RF domain by recording the complex
spectrum and extracting the phase, as seen before. The advantages of using a dual-
comb setup for distance measurements is the acquisition speed that is available at high
repetition rates. More details can be found in Ref. [201] while here we will focus on
the particular setups based on EOCs.

The first use of an electro-optic dual-comb setup for distance measurements was made
by Lay et al. [202]. Although the generated combs had only two sidebands obtained
by phase modulation within a 80 GHz bandwidth, the technique allowed us to meas-
ure distances up to 1 m with a sub-micrometer standard deviation, paving the way for
further research developments in this domain. The architecture was next improved
by using PMs within a Fabry—Perot cavity, which allowed the generation of 300 GHz
wide combs and distance measurements up to 10 m with an agreement within 15 pm,
when compared to real measurements [203].

Electro-optic dual-comb setups have also been designed for the detection of vibra-
tions by distance measurements, i.e., for vibrometry. The main difference with the
previous studies is that the target is no more static, which requires high speed mea-
surements and thus high repetition rates, which are characteristics well suited for
EOCs. Vibrometry can be performed indirectly by interrogating a Bragg grating that
works as a sensor [204]. In this case, it is only the absorption spectrum that is under
study and more precisely the variation of the comb lines’ intensity. Vibrometry can
also be done directly by fully exploiting the phase coherence between the combs, as

Figure 26
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On the left, image of beads, and on the right, image of onion epithelial cells. Both
images were obtained using a dual-comb setup. Reprinted with permission from Feng
et al., Opt. Lett. 44, 2919-2922 (2019) [167]. Copyright 2019 Optical Society of
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demonstrated by Teleanu et al. [205]. In their study, the setup presented in Ref. [190]
was used and slightly modified to incorporate a circulator in one arm that is linked to
the vibration source, thus performing dynamic dispersion spectroscopy. This setup is
presented in Fig. 27. In combination with time of flight measurements, small delays of
1 ps could be recovered, and for static measurements, sub-nanometer precision can be
reached.

The idea of time of flight measurements combined with the dual-comb technique was
enhanced for long distance measurements. Several studies have shown accurate mea-
surements from tens of meters [206,207] up to the kilometer with a sub-millimeter
accuracy [208].

Note that in the same goal as for spectroscopic applications, exotic electro-optic dual-
comb setups can be used for distance measurements, especially the ones based on
the switching of the repetition rate of an EOM [209]. The results are similar to other
setups: distance measurements up to several hundreds of meters with an accuracy
better than 10 um. Vibrometry was also demonstrated with a similar exotic dual-comb
setup [197], which has already been presented in Fig. 24. The setup showed the ability
to recover the audio being played by a speaker 1 m below a window placed at 4.5 m
from the setup. Note that other setups can be designed such as the one presented in
Ref. [210], which is based on three EOCs: the results showed an accuracy of 750 nm
over measurements of several tens of meters. Finally, a dual-comb setup based on
two different central wavelengths can also be used for distance measurements with
particular advantages for compensating fiber drifts [211]. The results showed stand-
ard deviations below 2 pm, and, in addition, with the use of a coordinate measuring
machine, topographic measurements of several objects were demonstrated.

5.2c. Other Dual-Comb Applications

The characteristics of the dual-comb technique such as sampling without moving
parts in the setup can also be exploited for arbitrary waveform characterization. Using
an EOC that is characterized beforehand, the electric field from an unknown second
mutually coherent comb with a slightly different repetition rate can be measured
[212]. However, this technique can only be used to characterize a comb source since
its concept relies on a dual-comb setup.

Optical thickness measurement can also be measured using a dual-comb setup. By
recovering the transmission of the Fabry—Perot cavity induced by a sample, one can
extract the free spectral range that is directly linked to the thickness of the sample
[213].

Figure 27
SMF
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_____________________________________

Experimental dual-comb setup used for vibrometry. In one arm of the spectrometer, a
circulator is placed to orient the comb toward a dynamic sample. AOM, acousto-optic
modulator; PS, pulse shaper; BD, balanced detector. Reprinted with permission from
Teleanu et al., Opt. Express 25, 16427-16436 (2017) [205]. Copyright 2017 Optical
Society of America.
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5.3. Calibration of Spectrographs

In all the applications considered until now, the combs were used as the light source
to analyze samples. This configuration cannot be used for some spectroscopic appli-
cations such as in astronomy, where it is impossible to interrogate the sample under
study (stars, exoplanets, etc.). Nevertheless, other configurations can be exploited
to perform spectroscopic applications in this field: combs can be used as frequency
rulers to calibrate spectrographs to provide an extremely stable frequency reference,
so that measurements can be made with the greatest accuracy [214,215]. OFCs used
for the calibration of spectrographs are called astrocombs. After a brief reminder of
the concept behind these particular combs, the interest of EOCs in this field will be
presented followed by the experimental demonstrations of electro-optic astrocombs.

5.3a. Astrocomb Principles

In various applications, spectrographs need highly precise radial velocity (RV)
measurements of celestial objects. For example, exoplanets can be detected by meas-
uring the Doppler shift of spectral lines emitted by their stars since their presence
modifies the RV of the star, thus inducing a spectral shift [216]. Note that the first
exoplanet detection, which has used this technique, led in 2019 to the Nobel Prize in
Physics for Mayor and Queloz. However, the effect is relatively small, in particular
for Earth-mass exoplanets detection, which requires a precision below 10 ¢m -s~!
[6,214,217]. Variations of fundamental constants can also be studied by astronomical
observations, but the precision needed to observe changes would be greater than
for exoplanets detection, below lcm-s~! [214,215,217], thus requiring calibra-
tion techniques. Here, as shown in Subsection 2.1b, OFCs can provide extremely
accurate references, and moreover, as listed in Table 1 of Ref. [214], they possess
features close to the ideal needed calibration source, which is the main motivation
for generating astrocombs. Figure 28 shows the principle of OFCs for spectrograph
calibrations.

Several astrocombs have been experimentally reported and tested with different
setups, generally based on femtosecond lasers [218]. However, these sources present
low repetition rates, typically below 1 GHz, which is not suitable for this application

Figure 28

Schematic showing the principle of frequency combs for spectrograph calibration.
Light received by an astronomical object is coupled with a frequency comb and
decomposed by a spectrograph. The comb, previously referenced to a frequency
standard, provides an extremely accurate ruler used to calibrate the spectrograph.
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[214]. Thus, Fabry—Perot cavities have to be used to increase the repetition frequency,
which can be difficult to implement knowing the large optical bandwidth of the
source. Another drawback regarding these laser sources is that their central wave-
length is most of the time in the visible domain. For astrocombs designed towards
the detection of exoplanets, the central wavelength is of a huge importance since
it restrains the class of stars under study. Indeed, Sun-like stars (G-class stars) can
be investigated with visible light, but since they are highly massive compared to
Earth-like planets, these exoplanets are difficult to detect knowing the high precision
required in the RV measurements. In this context, it is easier to detect Earth-like
planets orbiting smaller stars such as red dwarfs (M-class stars). Moreover, M-class
stars are predominant in our galaxy, and they more likely seem to be the home to
low mass telluric exoplanets rather than giants gaseous exoplanets [219]. All these
characteristics make them unique candidates of investigation, but these stars have an
emission spectrum that is mostly located in the NIR, which is not adapted to most of
astrocombs based on femtosecond lasers. Even if some setups were designed in the
NIR and produced results, they still remain less popular [217,218].

5.3b. Electro-Optic Astrocombs

Several attempts have been made to generate astrocombs based on EOMs
[151,158,220]. The main motivations are that EOCs can provide high repetition
frequencies with a large availability in the NIR region: they are low cost, they can be
all-fibered, etc., which make them particularly suitable for spectrograph calibrations.
The main disadvantage of EOCs for this application is their low spectral bandwidth,
which requires spectral broadening, as shown in Subsection 4.3a, and, thus, a par-
ticular attention to the phase noise accumulation. A particularity of electro-optic
astrocombs is that the main uncertainty is given by the carrier envelope offset fre-
quency determination. Thus, the initial CW laser and the RF oscillator that fix the
repetition rate must be carefully referenced to provide a long-term stability, prevent
wavelength shifts, etc., all of this reducing the uncertainties in the RV measurements
[220].

Regarding electro-optic astrocomb setups themselves, a main advantage compared
to other astrocombs is their short up-and-running time, and capabilities to be easily
piloted from outside [151,158]. Moreover, these setups are generally all-fibered,
which provides a plug-and-play feature and a higher stability when polarization
maintaining components are used. Indeed, by fixing the polarization state of the
comb along the setup, unwanted effects due to mechanical vibrations, temperature
fluctuations, and polarization random fluctuations can be avoided [151].

5.3c. Experimental Demonstrations

The first demonstration of an electro-optic astrocomb was made by Yi ef al. and
implemented on the Keck observatory [220]. The setup used was based on a 1560 nm
CW laser modulated by two synchronized PMs plus one IM. The EOC with a 12 GHz
linespacing is then phase compensated, amplified, and broadened in a HNLF to obtain
a more than 100 nm exploitable spectrum that showed an excellent stability over
5 days.

A second demonstration made by Obrzud et al. succeeded in implemention at the
Roque de los Muchachos observatory a 400 nm wide electro-optic astrocomb cen-
tered at 1560 nm with a linespacing of 14.5 GHz [151]. Compared to the previous
work of Yi et al., where the CW laser was referenced to a gas molecular resonance
and the RF oscillator to an atomic clock [220]; here, Obrzud et al. referenced all of
their setup to an atomic clock providing a higher and absolute accuracy. The EOC
generation setup is relatively similar to the one of Yi ef al., but a larger spectrum was
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obtained by using a nonlinear pulse compression configuration in optimized fibers
before spectral broadening in a HNLF. Moreover, the HNLF was chosen with a very
low dispersion slope to produce a flat spectrum over its entire bandwidth. This results
in a relatively simple setup without complex components such as filters or equalizers.
The schematic of the setup and an example of a generated EOC have already been pre-
sented in Fig. 16. Further studies showed that this setup could acquire an extension in
the visible domain by using third-harmonic generation in a silicon nitride waveguide
[124].

The last reported demonstration of an electro-optic astrocomb was made by Metcalf
et al. at the McDonald observatory [158]. In the previous studies, limits are close to
be reached in the wavelength span obtained since a wider spectrum would require
phase noise cancellation. Thus, the setup presented by Obrzud ef al. in Ref. [151] can
be slightly modified to incorporate a Fabry—Perot cavity after the EOC generation,
resulting in a comb spanning around 600 nm after nonlinear broadening [156]. In the
same goal, Metcalf et al. used the results obtained in Refs. [132,133] to manage the
phase noise accumulation issue, for astrocomb generation [158]. The setup is more
complex than what was presented in previous works since a Fabry—Perot cavity, a
second spectral broadening configuration in a silicon nitride chip, filters, and a pro-
grammable flattener have to be used. However, a remarkable ultraflat 500 nm wide
EOC centered at 1064 nm and at a repetition frequency of 30 GHz was obtained.
A recent work showed that a similar setup as the one presented in Ref. [158] could
acquire an extension in the visible domain by using second-harmonic generation in a
beta-barium borate crystal [123].

5.4. Arbitrary Waveform Generation by Spectral Shaping

OFCs can provide powerful sources for more fundamental applications. Still using the
ability of EOCs to possess high linespacing, such combs can then be spectrally shaped
line-by-line in phase and amplitude to produce a well-defined structure. This reshaped
EOC can find applications in lots of domains as will be now discussed, starting with
the basics on OFC shaping.

5.4a. Basic Concepts

We have already seen that an EOC can be shaped at its generation stage by using
well-defined sets of parameters [bias voltage(s), RF voltage(s), etc.] or by cascading
EOMs, which can lead to flat-topped spectra. These techniques can also be used for
particular temporal waveform generation such as Gaussian or triangular pulses, and
lots of studies have been performed. For instance, the use of a DDMZM and a disper-
sive fiber was theoretically and experimentally investigated in Ref. [221] for various
waveform generation. Although these techniques use EOMs, they focus mainly on
the influence of the parameters applied to the EOMs and their neighboring optical
components. As a result, they rarely exploit the performance of the combs generated
by the EOMs, which falls behind the scope of this paper.

However, waveform generation can also be performed with other techniques that
can be more versatile, especially the ones based on the spectral shaping of an OFC.
Indeed, by modifying the phase and amplitude of each comb line, various outputs
can be obtained. Thus, a single setup is needed, and the control is only made relative
to the setup shaping element. To shape an OFC, the common technique is to use a
4f-system schematically presented in Fig. 29(a). The idea behind this setup is the fol-
lowing: an input light that is incident on a spectral disperser such as a grating will see
its frequency components spatially separated. Then, an optical element such as a lens
focuses the frequency components on a modulator. This modulator can be electroni-
cally programmable if an acousto-optic crystal, a set of liquid crystals, a deformable
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mirror, etc., are used, which enables the control of the amplitude and the phase of the
frequency components. At the output, the shaped frequency components are put back
together using various optical components and a dispersive device. More details on
the pulse shaping technique can be found in Ref. [222].

5.4b. Spectral Shaping

Although spectral shaping can be performed on any coherent sources, a particular
flexibility is obtained when dealing with EOCs. Indeed, the modulator inside the
shaper has a finite spectral resolution, which is linked to the number of pixels avail-
able. Consequently, a source with a limited number of frequency components is more
suitable for spectral shaping, and a full shaping can be performed only if each spectral
component is individually shaped. Nowadays, shapers with a resolution below 1 GHz
are challenging to obtain, which means that for full comb shaping, a comb with a
linespacing at least superior to 1 GHz is required [223]. This particular character-
istic is well-suited for EOCs. Moreover, since EOMs are most of the time fibered
components, the spectral shaping can be performed using a reflective geometry, as
schematized in Fig. 29(b). Using a circulator at the shaper input and a mirror behind
the modulator, the experimental setup is then a back and forth shaper, which is easy to
use. A review on the subject can be found in Refs. [53,224].

A number of studies have been reported for spectral shaping an EOC. The most
common technique used is a spectral shaper in reflective geometry based on liquid
crystal modulators [86,225-229]. Jang et al. showed the possibility of shaping a
5 GHz EOC over more than 100 comb lines for complex waveform generation and
repetition frequency doubling [226]. Note that even if possible, the spectral shaping of
a high number of comb lines might not be necessary for every waveform generation,
and controlling only a few lines can be enough, as demonstrated in Refs. [86,229].
Other architectures are available for spectral shaping such as arrayed waveguide grat-
ings, which are on-chip structures with an IM array and a PM array [230,231]. Each
waveguide is defined as a channel that is the equivalent of a pixel. One of the first
demonstrations of this technique showed the spectral shaping of a 10 GHz EOC for
arbitrary waveform generation [230]. A more recent study presented a spectral shaper
with 32 channels designed for 25 GHz EOCs and showed the possibility of repetition
frequency doubling but also as a RF filter [231]. Note that spectral shaping can also be
used to reduce the amplified spontaneous emission coming from amplifiers, to induce
a quadratic phase for chirp compensation of pulses, which avoids the use of long
fibers, but also to shape the temporal domain towards a particular form [164,190,205].
Spectral flattening is also a feature that can be obtained by attenuating each line of the
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EOC towards a no intensity fluctuating comb [220]. However, this method greatly
reduces the flexibility of EOCs, as compared to other flattening possibilities.

Regarding the more fundamental applications of spectral shaping of an EOC, besides
arbitrary waveform generation, the linear sculpturing of comb lines can be used to
synthesize an initial condition that, when propagated in an optical fiber with particular
parameters, can lead to the formation of well-defined structures and to the study of
their evolutions such as breathers [232—-234], rogue waves [235,236], and Peregrine
solitons [237-239]. Note that the initial condition to inject is obtained by using the
inverse scattering method [24]. Although some of these structures can be generated
without spectral shaping [240-242], the EOC shaping methods are easy and conven-
ient to use, especially when studying the evolution of the analyzed structure, which
avoids fiber cut-back experiments.

5.5. Other Applications

In this part, we report the applications of EOCs that have been less studied compared
to the previous ones, or applications that have already been treated in previous review
articles in the literature. In this last case, we will only provide a short summary, and
the reader can refer to the cited review articles for more details.

5.5a. RF Photonics

Due to the capacity of EOMs to nonlinearly mix an optical signal and a RF signal,
RF processing techniques have been developed by controlling the light in the optical
domain and then going back to the RF domain. These applications can, for instance,
be oriented towards microwave filtering. A review on the subject can be found in
Ref. [53].

5.5b. Telecommunications

As previously seen, EOMs have the ability to rapidly generate a coherent set of lines
with a large linespacing. These features can find applications in the telecommunica-
tion domain, especially for wavelength division multiplexing, where each comb line
can be used as a channel for data processing. A review on the subject can be found in
Ref. [243].

5.5¢c. Metrology

Metrology, which is one of the origin points of OFCs, can also be performed using
EOCs, especially for measuring RF and THz frequencies. In the same way as for
RF photonic applications, an unknown signal is set as the RF signal of an EOM to
modulate a CW laser. All information carried by the RF signal is then transposed on
the optical signal, which can be treated and then analyzed either in the optical or in
the electrical domain. Several techniques and setups based on EOCs can be used for
these measurements, and a review on the subject can be found in Ref. [244]. Note that
a recent work has shown the precise measurement of THz radiations by heterodyne
detection using a filtered EOC [245].

5.5d. Cloaking

Finally, applications towards cloaking, i.e., hiding an event by avoiding the detection
of this event, can be performed using EOCs. Cloaking can be used for securing com-
munications, and the idea is to shape the temporal and/or spectral profile of a probe
beam (which is considered as the illumination source) so that an event cannot print
information on it. After passing the event, the probe beam is shaped again so that it
comes back to its original form. This last step aims to leave no trace that a cloaking
was performed. Since telecommunications use high repetition rates, cloaking has
to be performed in agreement with these rates, which can be challenging. However,
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the utilization of EOCs can be a suitable approach to this aim since EOMs have been
designed and efficiently improved for telecommunication applications.

The first use of an EOC for temporal cloaking was made by Lukens et al. [246]. Here
the aim is to create pulses in a probe beam so that any detection exterior to these pulses
is null. The authors demonstrated that, for a CW laser as an illumination source, the
required temporal modification for cloaking informations at a high repetition rate is
equivalent to the generation of flat EOCs. In addition to the use of a temporal Talbot
effect, a CW probe beam can be cloaked at a ratio around 50% at a repetition fre-
quency of 12 GHz. The experimental setup is composed of several PMs in addition
with gratings and fibers to create short pulses. After an event is simulated by inscrib-
ing data on the probe beam using an IM, a similar setup as what was used to create
the pulses is also employed. Note that the use of optical elements that only modify the
phase is intentional to make the setup reversible. This way, the event is not inscribed
on the probe beam, avoiding its detection. Note that similar results can be obtained
using temporal Fraunhofer diffraction rather than the Talbot effect [247]. Moreover,
the previous work can be enhanced when using several CW lasers as the illumination
source [248]. In this case, the cloaking can be performed over a particular frequency
component by modifying the timing of the modulator. Hence, the cloaking can be
made on a particular frequency channel, and data can be willingly cloaked or not with
a supplementary degree of freedom, preventing the detection on a particular channel
and allowing the switch to another.

Finally, it was demonstrated that a pulsed source could be used as the illumination
source. In this case, the PMs have to be driven by a multiple of the repetition fre-
quency of the source, and the cloaking can be used in the same way we have seen
above [249], or for data preservation applications [248]. However in these cases, the
combs generated for cloaking are not really EOCs since the source is already a comb,
which falls behind the scope of this paper.

6. OUTLOOK AND DISCUSSION

Although EOCs have a lot of advantages and are used for various applications,
electro-optic components could still be improved in their conception, which will
enhance their characteristics. In particular, increasing the bandwidth of EOMs is a key
point towards high linespacing and shorter pulse generation. Studies have recently
shown that particular MZMs allowed a more than 70 GHz electro-optic bandwidth
and could easily reach 100 GHz [250-252]. Moreover, it was reported that under
proper design, a PM can show a response up to 500 GHz [253]. These enhancements
of EOMs could pave the way to comb generation with linespacings that are, for the
moment, only available when using microresonators.

Enhancements of EOMs could also be made by modifying or changing the electro-
optic material used. Indeed, EOMs are nowadays mainly based on lithium niobate,
which can be inconvenient to use for integrated systems due to the device lengths that
are in the centimeter range, the relatively high driving voltages up to 10 V, and the
difficulty to be integrated into CMOS chips. Nevertheless, recent developments have
demonstrated CMOS compatible voltage [252]. In the same time, other materials with
a higher electro-optic coefficient have been considered in recent years. Thus, the bar-
rier of 100 Gb/s modulation data rate was reached by the use of silicon-organic hybrid
(SOH) technology [254]. These modulators exploit the ultrafast Pockels effect of
polymer materials deposited within a silicon photonic slot waveguide with a footprint
of 500 pum, but they still require a high driving voltage reaching 22 V. More recently,
replacing the silicon slot by a plasmonic slot, the authors of Ref. [255] have demon-
strated a 40 Gb/s plasmonic PM of 29 um length with a voltage lower than 7.5 V and
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even a MZM at 54 Gb/s with a footprint as small as 10 um [256]. Since then, a new
record has been published for a bit rate as high as 116 Gb/s and a voltage as low as 6 V
for a 35 um footprint [257], and several optimizations are still in progress for such
plasmonic modulators [258]. Several studies investigated other potential candidates
such as barium titanate BaTiO; [259,260]. It was experimentally demonstrated that
BaTiO; can exhibit an electro-optic coefficient 30 times higher than LiNbO; but also
a modulation up to 65 GHz [259]. Another example of investigated material is silicon
[261,262].

Other enhancements such as the bandwidth of EOCs could be approached by using
new techniques. The use of on-chip nanostructures such as nanomechanical-photonic
waveguides has showed that, under proper design, the use of nanomechanic effects
can broaden the spectrum of an EOC in a different way than accumulating EOMs or
spectral broadening [263].

Finally, new applications could be made with EOCs. We have seen in the spectro-
scopic part that only linear spectroscopy with EOCs has been performed. However,
nonlinear spectroscopy has already been demonstrated using OFCs [264]. Since
EOCs can possess high power per comb line, these combs could make perfect can-
didates for nonlinear spectroscopy, and a proof of principle was demonstrated in
Ref. [265].

7. CONCLUSION

In this paper, we presented the basic principles up to the most recent advances in the
generation of OFCs based on the electro-optic modulation of a CW laser. We showed
that using only the electro-optic effect, several very different setups can be designed
for frequency comb generation. Each of these setups possess particular characteris-
tics that make the generated combs complementary among them, since all of these
combs can be shaped due to the high number of degrees of freedom associated with
electro-optic modulators. Indeed, when compared to other comb sources, combs pro-
duced by electro-optic modulation are rather different in their characteristics: several
advantages of these combs, such as their tunable linespacing or their shape have been
put into light, and several limitations, such as their bandwidth or their phase noise
features, have also been studied. All of the particularities presented in this review
make EOCs unique and suitable for lots of applications such as high resolution spec-
troscopy, optical imaging, distance measurements, and calibration of instruments.
Finally, new setups for EOC generation are in constant development such as for
reaching the MIR or for obtaining higher electro-optic bandwidths. These enhanced
performances could open new opportunities for a variety of applications.
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