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Abstract—This paper reviews optical injection locking
(OIL) of semiconductor lasers and its application in optical
communications and signal processing. Despite complex
OIL dynamics, we attempt to explain the operational
principle and main features of the OIL in an intuitive way,
aiming at a wide understanding of the OIL and its asso-
ciated techniques in the optic and photonic communities.
We review and compare different control techniques that
enable robust OIL in practical systems. The applications
are reviewed with a focus on new developments in the
past decade, under the categories of ‘High Speed Directly
Modulated Lasers’ and ‘Optical Carrier Recovery’. Finally,
we draw our vision for future research directions.

Index Terms—Laser dynamics, Optical communications,
Optical transmitters, Optical injection locking, Direct mod-
ulation, Coherent receiver, Carrier recovery, Frequency
comb, Time and frequency transfer

I. INTRODUCTION

PTICAL injection locking (OIL) is an optical fre-
O quency and phase synchronization technique based
on the photon-photon interaction when an external light
is shined into a laser cavity [1]. Fig.1 shows two typical
OIL experimental setups. The OIL system contains a
‘master’ laser that provides the external seeding light
to influence a ‘slave’ laser. The master light is injected
into the slave laser either via a circulator (reflection
type, Fig.1a) or an isolator (transmission type, Fig.1b)
to avoid any parasitic reflection back to the master laser.
When the master laser carrier frequency (wavelength) is
close enough to the free-running lasing carrier frequency
(wavelength) of the slave laser, the slave laser will be
forced to synchronize with the master laser, i.e. lasing at
the same frequency with a fixed phase offset. The slave
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Figure 1. Schematics of optical injection-locked laser system. (a)
Reflection type and (b) Transmission type.

laser will also follow any slow frequency drift of the
master laser with a relatively constant output power.

Laser synchronization plays important roles in nu-
merous applications. In optical communications, syn-
chronized lasers are used as local oscillators (LOs) to
reduce the complexity and latency in coherent receivers
[2]-[5]. In conjunction with optical frequency comb,
OIL coherently demultiplexes optical tones for dense
wavelength division multiplexed (DWDM) systems or
super channel transmitters [6]-[9], enabling high spec-
tral efficiency communications. In sensing and quantum
communications, OIL provides high sensitivity detection
of phase modulated signals [10]. In optical science
and instrumentation, phase synchronized lasers are co-
herently combined to generate arbitrary shaped optical
pulses [11], [12]. Similar techniques have also been
used for microwave signal generations for beam-forming
networks in phased-array antennas [13].

Laser synchronization can be achieved with other
techniques than OIL. For example, optical phase-lock
loops (OPLLs) use purely electronics feedback to control
the slave laser carrier frequency (e.g., by controlling its
bias current). However, OPLLs require fast electronics
with typically 100 times higher loop bandwidth than
the linewidth of the free-running slave laser. In contrast,
OIL allows the slave laser to lock with the master laser
over large bandwidth (10s of GHz) using slow control
electronics (typically 10 kHz - 10 MHz), significantly
reducing the complexity, cost, and power consumption
of laser locking electronics. The large locking bandwidth
also brings the merits of improved phase and intensity
noise performance when a high quality (low noise)
master laser is used.



Apart from frequency and phase synchronization, OIL
was demonstrated to significantly enhance the mod-
ulation bandwidth of directly modulated slave lasers
(DMLs) with a simultaneous reduction of the unwanted
modulation chirp [14]-[16] and relative intensity noise
(RIN) [17], [18]. These attractive features have raised
long-lasting research interest in injection-locked DMLs
(OIL-DML) in the last four decades. With the added
beneficial features like reduced threshold bias current
[19] and improved modulation linearity [20], it has
received attention in applications not only within optical
communications, but also in analog photonics including
radars and telescopes.

Tracing back the history, scientists started research
on the OIL phenomenon since the invention of lasers
[21]. For over half a century, researchers have made
numerous efforts on the theoretical understanding of the
OIL phenomenon and the experimental development of
relevant technologies, yet there are still new scientific
findings and increasingly strong interests in application
of OIL technologies. Especially in the last decade, we
have witnessed practical applications of OIL in numer-
ous important fields, which gave us the motivation to
write this tutorial paper.

This paper is organized as sketched in Fig. 2. We first
review the history and attempt to convey an intuitive
understanding of the operational principle of OIL in
Section II. The key parameters are summarized to enable
semi-analytical understanding of the OIL features to
be discussed in Section III. Next, in Section IV, we
discuss three control techniques and their corresponding
conditions for stable OIL. Although not discussed in
most scientific papers, the control methods are crucial
to make the OIL techniques practical. Subsequently, we
discuss the application of OIL in high speed DML in
Section V. Section VI reviews the OIL-based optical
carrier recovery and its relevant applications. The review
of applications focuses on the progress in the last decade,
aiming to link the great history of OIL with the current
research progress. A summary of the paper with our
visions on future research and development is presented
in Section VII before the conclusion in Section VIII.
We limit our discussions to OIL operating in the stable
locking regime with the non-stable OIL dynamics such
as four-wave mixing (FWM) [22], laser pulling and
chaos effects [23] outside the scope of this paper.

The core of this paper rises from our experimentalist
souls, which later became convinced of the importance of
theory. For researchers new to the term “optical injection
locking”, we suggest starting from the Section II. For
readers already familiar with OIL but wishing to grasp
a summary of recent advance, we recommend going
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Figure 2. Structure of this tutorial.

directly to the Section IV.

II. HISTORY AND PRINCIPLE
A. A Brief History

The first observation of the injection locking effect
was perhaps the synchronization of pendulum clocks. In
1665, the Dutch physicist Christian Huygens, who in-
vented the pendulum clock, observed that no matter what
initial phase the pendulums were started, they always
synchronized with each other within a short period of
time. This is because as the pendulums move back and
forth, sound pulses travel through the wall and create
vibrations that interfere with the pendulum swing [24].
Evolving from mechanics to electronics, the injection
locking of electronic oscillators was first reported in
1919, in which an electronic oscillator was disturbed
and synchronized to a weak oscillator input connected in
a feedback circuit [25]. This oscillator synchronization
technique soon stimulated interests in the ‘new field’
of electronic engineering and found a number of appli-
cations in electronic devices and communications, such
as frequency dividers, quadrature amplitude modulation,
and oscillators locked with fine phase separation. A mile-
stone of oscillator injection locking theory was marked
by Alder, who derived the seminal differential equation
that described the fundamental dynamics of oscillator



injection locking in his 1946 paper [26]. This theory
was later extended by Paciorek by considering strong
signal injection, forming the general theoretical ground
for oscillator injection locking [27].

With the birth of lasers in 1960 [28], the concept of
injection locking was transferred to the field of optics.
Stover and Steier reported the first OIL experiment in
1966 by using two He-Ne lasers [21]. In the same
period, the classical theory was extended to include laser
locking, predicting symmetric locking range in gas and
dye lasers [29], [30].

The invention of the semiconductor laser and op-
tical fiber opened the door for a range of technologies
that form the modern information and communication
infrastructure. The concepts of frequency and phase
modulation/demodulation in classic radio frequency (RF)
communications was brought into the field of optical
communications. The phase synchronized local oscillator
(LO) plays an important role in the demodulation of
phase modulated signals. Motivated by this need, OIL of
a semiconductor laser was experimentally studied [31],
followed by a modification of the classic theory by Lang,
who incorporated the linewidth enhancement factor into
the OIL laser rate equation [32]. This modelling is now
widely accepted as a standard way of analyzing the OIL
dynamics in semiconductor lasers.

Following the maturation of semiconductor laser man-
ufacturing, researchers started an active period of ex-
ploring the application of OIL in optical communication
systems in the 1980s. One representative example is
to suppress the modulation chirp using OIL to extend
reach of an intensity modulated direct detection (IM-DD)
system, in which the modulation chirp combined with the
fiber chromatic dispersion limit the reach [33]. Other
examples include generating phase modulated signals
using injection locked lasers [34], and OIL based LO
recovery for coherent homodyne detection [2], [35].

In the 1990s, the invention of erbium-doped fiber am-
plifier (EDFA) and dispersion compensation fiber (DCF)
significantly changed the paradigm of optical commu-
nications. The OIL technology that benefited coherent
detection and reduced power penalty from chromatic
dispersion was not attractive during this period, resulting
in a fall of research interest on this topic. Nevertheless,
researchers made consistent efforts advancing the theory
and applications, such as the research on strong OIL
[36], [37] and the demonstration of OIL phase lock loops
[38].

Entering the 2000s, the need for high-bandwidth DML
for radio-frequency (RF) applications and high-speed
telecommunications stimulated intense interests in the
OIL-DMLs. More than ten times bandwidth enhance-

ment was demonstrated using strong OIL to standard
distributed feedback (DFB) lasers and vertical cavity
surface emitting lasers (VCSEL) [39], [40]. In the
meantime, researchers explained the origin of bandwidth
enhancement with further improvement of the theoretical
modelling [41], [42]. A tutorial paper by Lau reviewed
the development of high-speed OIL-DMLs during this
period [43].

In the last decade, we have witnessed a strong interest
in OIL for telecom, microwave, and instrument ap-
plications with successful commercialization. The need
for laser synchronization has made OIL a fundamental
building block for various applications, together with
a significant increase in the number of publications
explicitly focusing on system applications. Standing at
this historical point of OIL development, we hope to
capture the key advances and remaining challenges with
a systematic review of OIL and the relevant technologies.

B. Operational principle

In contrast to pendulums in which sound waves travel
in both ways, optical injection locking refers to one laser
affecting the other, as described in Fig.1. Note that this
is different from two-section lasers in which light from
both lasers affects each other [44]. The widely accepted
modelling of OIL dynamics is a modification of a semi-
classical laser rate equations by introducing additional
terms of light intensity (or the number of photons) and
phase offset to describe the impact from the master laser
signal (e.g., [19], [41], [43]). From [41]:
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where A(t) is the field amplitude normalized as
A2(t) = S(t), and S(t) is the photon number. ¢(t) is the
phase difference between the internal and injected field,
expressed by ¢(t) = @s(t) — @in;(t), where p,(t) and
©in;(t) are the phases of the slave and the master lasers,
respectively. Aw = w;p; — w, is the angular frequency
offset between the the free-running slave lasers (w;) and
the injected light (w;y,;). Equation (3) governs the carrier
change which is the same as the standard rate equation,
where N (t) is the number of carriers in the slave laser.



Table 1
INJECTION-LOCKED LASER PARAMETERS

Symbol Parameters
g laser gain coefficient
Nyp threshold carrier number
Nyyr transparency carrier number

K coupling coefficient

Aing Field amplitude of the injected light
Aw frequency offset between the master and
free running slave win; — ws
« linewidth enhancement factor
YN carrier recombination rate
Yp photon decay rate
J pump current normalized by electron
charge e
reflectivity: v
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Figure 3. Slave laser parameters including input and output light fields
used in modelling of the OIL dynamics.

Other rate equation parameters are summarized in Table
I. In this paper, w always refers to angular frequency
w = 27 f. Thus, ed“t is the time oscillation factor. The
optical field of the free running slave laser is represented
by [Aejws]efjwst.

Compared to the free-running laser rate equations,
OIL rate equations have additional terms in (1) and (2),
as highlighted in red. As shown in Fig. 3, master light
[Aipjei¥inile~winitinjects into the slave laser, where
Ajinjei®ini is the complex field of the injected light.
 is the coupling coefficient that describes the rate at
which the injected photons enter into the cavity [42]:
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where n, is the group refractive index of the laser
waveguide, L is the cavity length, r is power reflectivity
of the cavity mirrors,and () is the cavity quality factor.

Following the steady state solutions derived in [41],
we can obtain stable OIL (where slave laser carrier
frequency tracks that of the master laser) provided
Aw = winj — w, is within certain bounds, Aw,,, to
AwWpmaz- The locking range is then

AWLR = AWmar - AWrnin (5)

In literature Awy, g is sometimes referred to as ’locking
bandwidth’. It can be obtained by considering the steady
state solution of the OIL rate equations (1)-(3), which
gives [43]:

—kV 14+ a? % = Awpmin < Aw < AWmaz = K
’ (6)
where P, and P;,; are the output power of the slave
lasers and the power of the injected signal, respectively.
From (6) we see that locking range is given by: 1)
coupling coefficient x, 2) linewidth enhancement factor
«, and 3) injection ratio defined as —5<

Since the coupling coefficient & is oinversely propor-
tional to the quality factor (), a slave laser with low
@ will have a larger locking range than lasers with
high Q. Therefore, low () lasers are easier to lock.
Considering an extreme case where () tends to zero,
the slave laser degenerates to a gain medium (e.g. a
semiconductor optical amplifier (SOA)) that amplifies
any injected signal within the gain region. However, low
@ also leads to increased laser linewidth that reduces the
phase noise performance of the OIL laser system.

A necessary condition for stable OIL is the equation
(2) has a steady state solution. Physically, it means the
slave laser must reduces its gain (or carrier number) to
achieve a steady state (i.e. ¢ is a constant value) that
locks to the master laser. Due to the nonzero linewidth
enhancement factor «, which describes the amplitude
phase coupling (i.e. phase change due to the change
of carrier density dependent refractive index), the cavity
mode is red shifted (negative frequency detuning), which
causes the asymmetry of the locking range. Should the
« becomes zero, the equation (2) degenerates to an
equation independent of carrier number N, and will
result in a symmetric locking range. Recent advance in
quantum dot lasers shows that low or zero o can be
achieved [45], providing new opportunities to the field
of OIL dynamics.

For a given laser, the locking range is proportional to
the square root of the injection ratio % (6). Fig.4 plots
the OIL slave laser status under different injection ratios
and frequency offsets. The shaded area shows the stable
locking region. Generally speaking, high injection ratio
results in a large locking range, which also makes the
slave laser easier to lock. Using the example parameters
listed in Fig.4, we calculated the locking range at -20
dB injection ratio to be about 12 GHz. The frequency
detuning between the master and slave lasers A f ranges
from -9 to 3 GHz without losing OIL. Commercial lasers
with thermoelectric cooling (TEC) can in laboratory
conditions keep drift well below 12 GHz and thus
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can remain OIL locked for extended period of time
(e.g., hours). However, when the injection ratio reduces,
the locking range significantly decreases, e.g., in our
example shown in Fig.4 it reaches 370 MHz for injection
ratio of -50 dB. As a result, the OIL lock can be lost
quickly (after seconds/minutes) due to the drifts in the
slave or master lasers bias currents or temperatures. This
necessities additional feedback control to keep stable
OIL (discussed in Section IV).

Under stable OIL, the steady state phase of the slave
laser is determined by the frequency offset and locking

range [19], [43]:
Aw P, tan-1
—tan” "«
m Pinj
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Thus, although the slave laser is frequency locked
to the master, their relative phase difference (phase
offset) may not be constant, but stays within the region
of cot™'a to —m/2, as shown in Fig. 4. Within the
OIL region, any variation of frequency detuning Aw
is converted into the phase variation of the slave laser
output. In this sense, the OIL system acts as an optical
frequency discriminator. The range of this ‘frequency-
phase conversion’ depends on x (7) (and thus also on
the slave laser ) factor (4)). This conclusion also agrees
with the classic injection locking theory derived for
electronic oscillator [26].

Wmin

III. FEATURES OF OPTICAL INJECTION LOCKING
A. Linewidth reduction

Narrow linewidth lasers are crucial for applications
including coherent optical communication systems and
microwave photonics. Their linewidth is normally re-
duced via extending photon life time using external
cavity or by locking the laser to a stable reference with
advanced electronics [46], [47]. Both these approaches
unavoidably add cost that is at odds with the need for
low cost narrow linewidth lasers, creating a long-lasting
dilemma in practical system applications.

Using OIL, low cost lasers with relatively large
linewidth can be turned into high performance narrow
linewidth lasers. Fig.5 shows an experimental example
we carried out using a 5 kHz fiber laser master to OIL
a 1.2 MHz linewidth discrete mode semiconductor slave
laser [48]. The laser linewidth was measured using a self-
heterodyne setup with an 80 km standard single mode
fiber (SMF-28) delay line [49]. The 80 km of delay in
an optical fiber corresponds to 80 x 1.45 = 120 km
in free space (1.45 is the fiber refractive index). Given
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Figure 4. (a) Locking range as a function of the injection ratio and
(b) Phase offset between the master and the OIL slave lasers as a
function of the master-free running slave lasers frequency offset for
three selected injection ratios.

that Coherence length = c¢/(7 x linewidth), 120 km
allows for measurement of linewidths down to 1 kHz
level. However, for a reliable measurement, 3 times the
coherence length is usually required, allowing for ;3 kHz
linewidth to be measured in our set-up. As shown in Fig.
5, even at a low injection ratio of -40 dB, the linewidth
of the slave laser was significantly reduced to about 5
kHz after OIL. Stable OIL with further power reduction
is possible only when appropriate electronic control is
applied to ensure Aw stays within the locking range, as
the locking range becomes too narrow to accommodate
for the master/slave laser drifts. With the pilot assisted
electronic control (to be discussed in Section IV), stable
OIL was demonstrated with injection ratio as low as -65
dB with a 250 MHz pilot [50]. A further reduction of
injection ratio to -75 dB was achieved in [51] by using
10 GHz pilot tones. Given how little power is needed
for OIL, it is possible to split the output of a narrow
linewidth master laser to injection lock many low cost
slave lasers, enabling a large number of low-cost, narrow
linewidth lasers.
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Figure 5. (a) Schematics of self-heterodyne measurement of the slave
laser linewidth with (b) the self-heterodyne beat of a free running (blue)
and OIL (red) slave laser. (c) The beat of OIL slave laser shown over
significantly narrower bandwidth. Linewidth was reduced from 1 MHz
to 5 kHz.

B. Tone selection and amplification

In DWDM optical communications [52], optical ar-
bitrary waveform generation [11], [53], [54], and mi-
crowave photonics [55], one often needs to isolate and
amplify a single-frequency tone signal. Conventionally,
this is realized using optical filters, for example, arrayed
waveguide gratings (AWG) or wavelength selective
switches (WSS), which usually introduce an insertions
loss of 3-5 dB. The demultiplexed tone is subsequently
amplified via an EDFA or SOA to boost the power.
This ’filter + amplifier’ scheme unavoidably reduces
optical signal-to-noise ratio (OSNR) and can occupy
considerable space even on an integrated photonic chips.
An alternative method that provides simultaneously low
noise and high gain filtering is OIL. When seeding
a single-wavelength slave laser (e.g. distributed Bragg
reflector laser (DFB) or discrete mode laser) with multi-
wavelength signals, the carrier frequency of the slave
laser can be tuned to the wavelength of the signal to
be demultiplexed/extracted. When the slave laser OIL to
the selected input channel, it performs optical filtering
by amplifying the selected channel (i.e., signal within its
locking range), but attenuating the out-of-locking range
signal (other channels). The simultaneous demultiplexing
and amplification of individual wavelength signals/tones
[11] makes OIL an ideal technique for applications
requiring tone selection (e.g., from an optical frequency
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Figure 6. A slave laser can be OIL to a single mode of an Optical
Frequency Comb (OFC) if the locking range is smaller than the comb
tones spacing. The slave laser will emit at the same frequency as the
comb tone to which it is locked to.

comb), as schematically shown in Fig.6.

Compared to the “filter + amplifier” method, OIL
provides high gain (by up to 70 dB [51]) with low
added intensity noise. The regenerated tone, however,
may pick up additional phase noise due to the variation
of the frequency offset between the master and slave
lasers (described by (7)). Fortunately, this added phase
noise can be suppressed using one of the techniques
described in Section IV. It is worth noting that the OIL
filtering effect is different in transmission and reflection
type OILs. In reflection type configuration, a significant
amount of the injected light is reflected by the front
facet, which includes the channels/signals to be rejected.
This unwanted effect can be reduced by lowering the
injection ratio (e.g. via attenuation of the master light).
Significantly better performance is obtained when using
the rear-facet (transmission) OIL. In this configuration,
the unwanted signals/tone channels are reflected back
to the master, being strongly-suppressed in the trans-
mission, where the main slave laser output is. The
features of high gain and low noise tone selection are
particularly desirable for low power multi-tone light
sources such as integrated microring resonator frequency
combs and mode locked lasers [56], [57]. Its application
in conjunction with frequency combs received significant
interest in the past decade. We will review this later in
Section VI-A.

C. Bandwidth enhancement

In the previous section, we discussed OIL with a low
injection ratio, i.e. a relatively weak master signal was
injected into the slave laser. Here, we will discuss one
of the most interesting OIL features that occurs when
the injected master signal is relatively strong - strong
enough to modify the slave laser dynamics and thus also
its response to its bias current modulation.



The modulation bandwidth of a solitary semiconductor
laser (e.g. Fabry-Perot (FP) or DFB laser) is approxi-
mated by [58]:

3 Tyyoy
dm2q V

f3aB ~ ( (Ip — Ith)) (3
where q is the elementary charge, I' is the confinement
factor, v is the light group velocity in the laser cavity,
o4 is the differential gain, V is the active volume, I
the bias current and Iy, the threshold current. Equation
(8) indicates that we can increase modulation bandwidth
by having short cavity length and/or a high bias current
that provides high optical power. Nevertheless, the short
cavity results in small power that goes against the need
for high power. Further, high bias current unavoidably
leads to excess heating and potential facet damage.

OIL was found to bypass these trade-offs, enabling
modulation bandwidth enhancement [59]. The physical
insight into this phenomena was subjected to debate over
more than two decades and was convincingly explained
by Murakami in 2003 [41]. From a practical point of
view, the externally injected light reduces the carrier
number by AN = N — Ny, which leads to a red shift of
the cavity resonance frequency of the slave laser (from
wo to wo+5gAN). Consequently, the angular frequency
offset between the cavity resonance frequency weq, and
the emitting frequency (or the injection frequency w;py;
when the laser is locked) becomes w,.cs = Aw—5gAN,
as shown in Fig.7b. This resonance frequency increases
with positive frequency detuning, creating a beat be-
tween the resonance field and the laser frequency (known
as photon-photon resonance) shown as the peak around
40 GHz in Fig.7a. Changing the frequency detuning
Aw also results in a change of the damping factor
that leads to a more flat response with less bandwidth
enhancement, as shown by the red and blue curves in
Fig.7a. In principle, a resonance peak of > 100 GHz
frequency is possible provided the injection ratio is
strong enough (> 10 dB). Lau [43] numerically solved
the OIL rate equations (1)-(2) and provided a series of
locking maps that illustrate the influence of various laser
parameters.

D. Chirp reduction

Modulation bandwidth discussed in the previous sec-
tion determines how much information we can modulate
on the DML slave laser. Another important parameter
is the reach (how far we can transmit it). Due to
the chromatic dispersion of optical fibers, the reach is
compromised when the modulated signal is chirped. Un-
fortunately, the intensity modulation of a semiconductor
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Figure 7. (a) Example of the modulation response of an OIL laser.
Assuming OIL ratio of 0 dB, the small signal responses of the OIL
laser with different frequency offset OIL (A f = -20 (dotted blue), O
(red dashed line), 20 GHz (green dot-dashed line) are shown in the
figure. (b) Change of resonance frequency due to injection locking
using positive frequency detuning as example. After OIL, the slave
laser outputs at w;pj, the resonance frequency red shifts to weaw.

laser is accompanied by the frequency chirp, which is
governed by [58]:

1dp «

= ordt  an [Q(N — Nip) — 7p:| )

ov(t)
For an intensity modulated optical signal generated by
a semiconductor DML, the frequency chirp is positive
at the leading edge (blue shift) and negative (red shift)
towards the trailing edge, resulting in a considerably
broadened optical spectrum. OIL has been found to
significantly reduce the chirp effect when the slave laser
operates in the stable locking region [15], [16]. To gain
an intuitive understanding of this, let us first consider
a slave laser locked at the center of the locking range,
as shown in Fig. 4. When modulating the slave laser,
its free running frequency deviates from the center of
the locking region due to the frequency chirp. Under
the OIL, its frequency stays constant (following the CW
master). Although there is still some residual level of the
modulation chirp (as the slave laser chirp is converted to
phase variation due to the frequency discrimination effect
as shown in Fig.4b), the modulation frequency chirp
is strongly reduced. The level of the chirp suppression
depends on the injection ratio, frequency detuning (used,
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e.g., to increase modulation bandwidth), and the level of
the slave laser current modulation.

The above description aims to intuitively explain the
phenomena with rigorous description of the laser dynam-
ics (using the nonlinear laser rate equation) found, e.g.,
in [15], [16].

IV. CONTROL TECHNIQUES FOR STABLE OIL

In practical systems, the random drifts of temperature
and laser bias currents can easily cause master-slave
frequency detuning Aw drifts outside the locking range
Awr g, causing unlocking of the OIL laser. Thus, the
frequency offset needs to be controlled. Fine control of
Aw is particularly important for applications requiring
low injection ratio because of the small locking range.
Such control may also be required even when the injec-
tion ratio is relatively large, as variations in Aw cause
undesirable variations in the relative phase between the
master and the slave lasers ¢ (equation (7)), e.g. for
coherent signal synthesis that we will discuss later in
Section V-B. In this section, we review three control
methods for OIL.

A. Direct detection feedback

For OIL systems with a modest-to-high injection ratio
(e.g., OIL-enhanced directly modulated lasers, OIL for
modulation chirp suppression, etc.), the direct detection
based feedback control provides a simple and low cost
solution, as schematically described in Fig. 8.

The principle is based on the fact that the slave output
power P, increases with positive frequency detuning
Aw. This phenomenon is well explained in [43]. An
example of slave output power as a function of Aw for
three different injection ratios is shown in Fig. 8b. We see
that for low injection ratio the signal is getting weaker
(change of current is smaller), making this technique less
suitable for very low OIL ratios.
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Offset oscillator

Figure 9. Optical injection locked phase lock loop [38].
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Figure 10. Pilot tone assisted OIL phase locked loop.

B. OIL phase locked loop

The direct detection feedback control described in the
previous section is based on amplitude measurement and
as such its accuracy is compromised with drifts, e.g., in
the free-running slave laser output power. In applications
where broadband phase synchronization is required, it is
better to implement an optical phase lock loop (OPLL),
forming an OIL-OPLL (abbreviated as OIPLL) [38].

Fig. 9 shows an example of an OIPLL, specifically
a heterodyne OIPLL [38]. A portion of the master laser
light is modulated by a sinusoidal signal (at an ’interme-
diate frequency’, IF) to create a side tone before injection
into the slave laser. The slave laser is aligned and locked
to a side-tone to achieve OIL. The unmodulated master
light is then combined with the output of the slave
laser and is detected by a photodetector, creating a
beat signal at the IF. The beat signal is subsequently
mixed with the IF oscillator’s output for phase error
detection. The error signal then passes through a loop
filter and feedback to the slave laser bias current for
frequency and phase control. In this OIPLL system, the
OIL is used to suppress the wide bandwidth phase noise
generally reducing the slave laser linewidth significantly.
The OPLL then deals with the low frequency phase
variation, ensuring a low phase error and long-term



locking stability. The noise performance of an OIPLL
system was analyzed in detail in [38], [60].

C. Pilot tone assisted OIL phase locking

Though OIPLL offers superior phase noise perfor-
mance, the PLL feedback control requires high speed
electronics and short loop length to ensure a sufficiently
high locking bandwidth, adding cost and complexity.
Thus, we proposed a pilot tone assisted scheme that
requires only slow electronics to stabilize the OIL even
for ultra-low injection ratios of < 50 dB [3], [50], [61].
The schematic diagram of the proposed method is shown
in Fig. 10.

Using reflection type OIL as an example, we add a
pilot tone to the master signal. This can be achieved
by modulating the master CW signal or by filtering of a
frequency comb [50], [61], [62]. The pilot tone frequency
is chosen to be higher than the locking range. Therefore,
the output of the slave laser consists of the injection
locked slave output and the pilot tone sidebands purely
reflected by the slave laser front facet (as they are outside
the OIL range). The slave laser output experiences phase
shift ¢ depending on the Aw detuning (Fig 4, (7)), while
the phase of the reflected pilot tones is not affected
by the OIL, as shown in Fig.10. Consequently, the
information of ¢ (and thus Aw) can be extracted by
measuring the phase of the beat between the injection-
locked carrier and the pilot tone side-bands, all of them
being conveniently present at the slave laser output. After
being detected by a photodetector, the radio frequency
(RF) beat signal between the carrier and the pilot tone
is given by:

2 2
I=1+ % + %cos@wpt) + 2ncos(wpt)cos(¢p) (10)

where 7 is is the normalized intensity ratio between
carrier and pilot tone, and w,, is the angular frequency of
the pilot tone. The fourth term of (10) carries the desired
information on ¢, which is used as an error signal for the
PLL after being down-converted to the baseband using
an RF mixer.

V. OIL DIRECTLY MODULATED LASERS

Directly modulated lasers have always been used in
optical telecommunications [63], but their modulation
chirp prevented them from being used for long distances
or at very high bit rates. Modern DML combined with
advanced modulation formats are capable of data rates
in excess of > 100 Gb/s, albeit over limited distances.
Despite these limitations, DMLs are very attractive in
cost and size sensitive markets such as data center

interconnection or supercomputer or in access networks
[64]-[66], as they enable ‘minimum optical hardware’
(e.g. DML at transmitter side and a single photodiode at
the receiver side) implementations. With the increasing
need for high baudrate data communications, further
improvement in DML bandwidth and link reach is nec-
essary in these fast-developing markets.

Self-feedback and OIL were both studied to enhance
the modulation bandwidth and reduce modulation chirp
[67]. Up to 50 GHz bandwidth DML has been demon-
strated using self-feedback [68], [69]. Compared to the
self-feedback (essentially a laser which self-injection-
locks), OIL provides additional degree of freedom in the
rate equations, which is frequency detuning Aw. In the
following sections, we review the application of high-
speed OIL DML for optical communications systems.

A. High-bandwidth DML

The OIL-DML came into the spotlight in the 1980s
of the fast- developing optical communications that
was moving to higher bandwidth signals. After setting
the theoretical ground work, the features of bandwidth
enhancement and chirp suppression were exploited in
direct-modulation direct-detection (DM-DD) transmis-
sions. The suppressed chirp and more linear power
modulation has led to a two fold increase in transmission
distance in a 2 Gb/s DM-DD system, which was consid-
ered as a significant improvement at that time [33].

Entering the 21%! century, the bandwidth enhance-
ment feature of OIL DML was extensively studied with
demonstration of up to 40 GHz bandwidth by injection
locking a 3-GHz DFB [39]. It has been shown that
a more flat frequency response with further bandwidth
enhancement up to 60 GHz can be obtained by OILing
a slave laser with multiple master lasers [70].

In the past decade, OIL DML in conjunction with
digital signal processing (DSP) has produced data trans-
mission beyond 100 Gb/s using high order modulation
format, at conventional telecomm C-band and also in
a new transmission windows [71], [72]. Researchers
have also innovated new transmitter architecture using
OIL DML to reduce the carrier to signal power ratio
to facilitate more power efficient transmission with im-
proved performance [73]. Different types of lasers, such
as VCSEL [74], [75] and microring lasers, have also
been evaluated with OIL, showing significantly improved
data transmission performance [76].

Using VCSEL as both master and slave lasers, Lu
demonstrated 45 Gb/s PAM4 transmission [74]. Al-
though the experiment was based on free-space cou-
pling, a potential of integrating two VCSELSs vertically



may help to overcome the bandwidth bottleneck of
the VCSEL [74], [75]. A more recent research reports
OIL to microring lasers [76], obtaining high side mode
suppression ratio (SMSR) of up to 56 dB with intrinsic
modulation bandwidth increased from 3 GHz to 18
GHz for different longitudinal modes across a 30 nm
wavelength range. The microring structure allows for
easy OIL in a transmission configuration, eliminating the
need for circulators or isolators for potential low-cost and
integrated solutions [76].

B. Coherent transmitter based on DML

Modern transmitters require encoding data on both
amplitude and phase of the optical carrier, known as
quadrature amplitude modulation (QAM). This is usually
achieved by using chirp-less external modulation such
as lithium niobate Mach-Zehnder modulators (MZMs)
in a nested structure, to modulate both the In-phase (I)
and Quadrature (Q) component of optical field. For a
long time, it was believed that DML cannot be used to
generate QAM signal because of the modulation chirp.
The advantages of using DML over the lithium-niobate
MZM would be lower insertion loss, reduced power
consumption, small footprint and ease of integration.
OIL with its ability of modulation chirp reduction and
phase synchronization of multiple lasers (one master and
one or more slave lasers) opens new opportunities for
DML-based QAM signalling.

Fig.11 sketches our method of QAM signal synthe-
sis based on OIL DMLs. For simplicity, we explain
the principle of operation using 16 QAM as example.
As we will show later, arbitrary amplitude and phase
modulated signal can be generated in this manner. The
transmitter consists of two slave DMLs, Laser I that is
modulated with the I signal component and Laser Q
that is modulated with the Q signal component. Both
lasers are injection-locked by the same master laser,
such that the two DMLs become mutually coherent (OIL
to the same master laser) and the modulation chirp is
suppressed. The mutual coherence allows us to combine
the outputs of the two OIL DMLs coherently. By setting
the relative phase between them to 90°, we obtained
IQ modulated signal, as indicated by the constellation
in Fig.11. Since direct laser modulation is essentially
intensity modulation, the constellation of the synthesized
signal lies in the first quadrant of the complex plane and
its optical spectrum contains a carrier component (the
blue arrows in Fig.11). This carrier component can be
removed by destructively interfering the combined signal
with an unmodulated component of the injection CW
that is obtained by tapping a portion of the master laser
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power. When the carrier of the combined signal is fully
suppressed, a carrier less QAM signal is obtained.

To show that the transmitter can generate arbitrary
amplitude-phase modulated signals, we modulated the
two slave lasers with I and Q component of an orthogo-
nal frequency-division multiplexing (OFDM) signal us-
ing 16 QAM for each subcarrier. Fig. 11b and Fig. 11c
show the spectrum of the detected signal via coherent
receiver and the constellation diagrams of the demodu-
lated OFDM-16QAM. Compared to standard LiNbO3 1Q
modulator, the transmitter showed similar performance
after 230 km transmission [77], evidencing high signal
quality.



The carrier suppression branch can be removed to
form a simplified version of the transmitter, as shown in
Fig. 12. Due to the freedom of modulating independently
the I and Q components, the simplified scheme can
generate amplitude modulated signal with arbitrary phase
profile. Thus, it is possible to generate dispersion pre-
compensated amplitude-modulated signals. Using four-
level pulse amplitude modulation (PAM4) as an example,
the ideal received signal has four power levels described
by Py(1+m - s(t)), where P, is the average power, m
is the modulation index, s(t) is the modulation signal
(PAM4 in this case). On the constellation diagram, it
has four points located on the real-axis. The corre-
sponding optical field of the PAM signal is therefore

Py(1+m - s(t)), it can be decomposed as a DC com-
ponent s4. plus an AC component s 4 (t). Let us assume
the optical link is impaired with the chromatic dispersion
(CD) only, and that the CD operator (time domain
response of total CD) is D. The optical signal at the
transmitter output then should be (s4. +sac(t)) * D71,
where D~! is the time-domain response of the CD
compensation fiber. The precompensated signal lies in
the first quadrant and after its decomposition into the In-
phase and Quadrature components, it can be modulated
onto the two slave lasers (Slave I and Slave Q) to
generate the required CD-precompensated signal.

Using this transmitter, we generated CD-
precompensated  signals and achieved 300-km
transmission of PAM4 signal without using any

dispersion compensation fiber [78]. In principle, the
used transmitter-side DSP allows for compensation
of all linear transmission impairments (on the top of
the demonstrated CD)). It is worth reiterating that
this unique ability to compensate for transmission
impairments is combined with other OIL benefits
such as enhanced modulation bandwidth, suppressed
modulation chirp, reduced relative intensity noise, and
narrow laser linewidth.

The lasers used in these proof-of-concept experiments
were low cost Fabry-Perot lasers emitting at many lon-
gitudinal modes (having multiple spectral tones) when
free-running. Their modulation bandwidth was only 2
GHz. By selection of the master laser wavelngth, it was
possible to injection lock different longitudinal modes,
making the slave lasers lasing at one longitudinal mode
only (making them effectively single line) with having
that ‘single-line’ emission tuneable over the entire C-
band. Similar structure was demonstrated using VC-
SELs, showing phase shift keyed (PSK) modulation at 10
Gb/s for quadruple PSK (QPSK) and at 40 Gb/s binary
PSK (BPSK) [79], [80].

Coherent transmitters have made significant progress
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in the last few years. Integrated photonic devices with
40 GHz bandwidth and beyond have been demonstrated
using InP, Silicon, and more recently thin-film LiNbOg
[81]. There is a long way for DML based coherent
transmitters to catch up for applications in telecommu-
nications. Yet it is worth discussing the pros and cons of
this fundamentally different technique compared to other
full-field modulation methods.

VI. OpTiCcAL CARRIER RECOVERY

The features of linewidth narrowing and low-noise
single tone amplification make OIL an attractive solution
for the selection and recovery of optical carriers for
coherent optical communications. At the transmitter side,
OIL has been identified as an effective method to select
and amplify individual comb tones, overcoming the issue
of low power per tone for frequency comb based super-
channel signal transmission [82]-[86]. At the receiver
side, OIL was exploited to recover optical carriers in
the optical domain to enable low complexity and low
latency homodyne coherent communications [62], [87]-
[89]. In a transmission link, OIL was demonstrated in
phase sensitive amplification, which in principle can
achieve zero noise figure or signal regeneration. Besides
communications, carrier recovery function of OIL is
used to isolate and manipulate individual comb tones
for arbitrary waveform generation, sensing, and terahertz
signal generation [53], [90]. In the following section we
discuss these applications.

A. Coherent super-channel transmitter

Optical frequency combs offer coherent tones with a
fixed frequency spacing. Originally employed in metrol-
ogy, it has also been shown that DWDM transmission
systems with mutually frequency-locked optical carriers
can potentially offer several advantages as compared to
conventional laser-bank based DWDM systems, includ-
ing higher spectral efficiency, bandwidth flexibility, and
efficient compensation of fiber nonlinearity [91]. These
performance aspects are highly relevant for future high
capacity, flexible grid optical networks. An integrated



transmitter with frequency-locked optical carriers could
provide an attractive approach in this context.

In DWDM transmission, comb tones must be extracted
and individually modulated. An ideal comb source
should be compact, wide band, and supply uniform > 10
dBm power per tone. However, in practice, compact
comb sources often generate tones with small and un-
equal powers [57], [92]-[94]. To boost the power of each
tone and equalize their powers, a programmable optical
filter (e.g. a Waveshaper) followed by an optical ampli-
fier is typically used [92]-[94]. This inevitably degrades
the OSNR and makes the transmitter integration difficult.
In light of these issues, researchers are starting to exploit
OIL to select and amplify the comb tones for super-
channel transmitters.

The general structure of the investigated transmitter
is shown in Fig. 13. The frequency comb is injected
into the slave lasers. The extracted tones are modulated
individually via IQ modulators for signal generation.
Due to the fixed tone spacing, the guard band can be
minimized [7]. The phase coherent sub-channels can
also be synthesized to become a large bandwidth super
channel provided the phase between different paths are
locked [95].

In [6], Albores-Mejia compared the system perfor-
mance of the OIL method with the filter + amplifier
configuration for tone selection and amplification. They
showed that even when the comb is significantly at-
tenuated to about —35 dBm per tone, OIL could still
regenerate the selected comb tones with sufficiently
high performance to support 12 Gbaud dual-polarization
64QAM transmission, outperforming the filter + ampli-
fier method. The tone recovery with low comb power
allows the comb to be distributed to a large number (e.g.,
100s) of racks for both short and long-reach coherent
communications. In [7], we OIL a telecom-grade InP-
based digital supermode distributed Bragg reflector (DS-
DBR) tunable laser to a 25-GHz-spaced frequency comb,
showing C-band tunable tone extraction with a simul-
taneous linewidth reduction from 1.5 MHz to 4 kHz.
Importantly, our experiment showed that the key build-
ing blocks (inc. comb [96], tunable laser, modulator)
are readily achievable on the InP photonic integration
platform. Low injection ratio also helped reducing the
reflected optical signals to keep high SMSR without any
optical pre-filtering [9].

Temprana [8] demonstrated the benefit of OIL-based
transmitters in long-reach coherent systems. Frequency
referenced optical carriers were generated by injection
locking DFB lasers to a reference optical frequency
comb. The frequency referenced tones harnessed the
potential of transmitter-side digital back propagation
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(DBP), enabling two-fold increase in system reach, from
1530 to 3060 km, in a four channel 16 GBaud 16 QAM
system [8].

Despite the successful demonstrations of the concepts,
there are still several problems to be addressed. Firstly,
isolators/circulators are not available in photonic inte-
grated circuit (PIC) platforms. Thus, research on PIC
isolators or circulators would largely benefit the system
application. Another potential solution is to engineer
the slave laser such that the light from the slave laser
does not feedback to the master comb laser. Secondly,
the limited SMSR causes crosstalk to other channels.
A promising method is to injection lock the slave laser
from the rear facet. As we show in Fig.14, a high finesse
transmission response of a laser cavity (e.g. FP cavity)
can largely reduce the side modes for regeneration of a
single mode with high SMSR. Our preliminary research
has shown that up to 48 dB SMSR is possible with rear-
fact OIL.

B. Optical local oscillator recovery

Coherent detection requires synchronizing frequency
and phase of the local oscillator to the received signal
for amplitude and phase recovery. This frequency off-
set (CFO) recovery and carrier phase recovery (CPR)
functions are usually realized in DSP after coherent
detection and digitization (analog-to-digital conversion,
ADC). Indeed, DSP offers unparalleled possibilities in
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the manipulation of signals and have led to the resurrect
of coherent communications in the last 15 years [97].

However, the use of DSP may be undesirable in mid-
span regeneration, in which the signal is further transmit-
ted on an optical carrier and it is often simply not pos-
sible to use it, e.g., in quantum optics. The use of DSP
and ADC also increase power consumption and latency,
which is highly-undesirable in many applications such as
high-frequency trading, 5G mobile communications [98],
and low latency coherent data center interconnection
[99], [100]. In these areas, phase locking of the local
oscillator to the incoming signal in the optical domain
could be beneficial to coherent detection. As discussed
in Section IV, OIL can effectively phase lock a slave
laser (e.g. LO) to a master light (e.g. received signal)
for homodyne coherent detection, as shown in Fig.15.
This potentially eliminates the need for carrier frequency
offset (CFO) and carrier phase estimation (CPE) in DSP.
Furthermore, OIL also turn a large linewidth low cost
LO into a narrow linewidth LO (linewidth narrowing
feature discussed in section IIl-a), enabling high order
modulation formats with the reduced total linewidth.

However, the absence of the signal carrier in coherent
modulation formats (e.g. QPSK, 16QAM and higher)
poses a major challenge for optical carrier recovery tech-
niques (e.g. OPLL, OIPLL) for phase synchronisation
between the LO and the data signal [101]. To resolve this
problem, line coding such as 8B10B was used to create
a gap in the center of the signal spectrum, where a CW
tone can be inserted to co-propagate with the modulated
side bands [102].

The OFDM modulation format, in which a carrier tone
is usually inserted in the middle of the OFDM spectrum
(carrier-aided OFDM), does not require additional line
coding. The optical carrier tone can be generated by
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biasing the optical modulator slightly away from the
transmission null and it has been shown that residual
carrier tone benefits coherent receiver by simplifying the
DSP-based CFO, CPE, and fiber nonlinearity compen-
sation [103], [104]. Moreover, a guardband that isolates
the carrier tone from the data can be easily created by
setting the low frequency OFDM sub-carriers to zero. All
these features make OFDM a promising format for OIL-
based homodyne detection (as first suggested in [105]).
The early proof-of-principle demonstration required a
relatively large protection guardband (reducing transmis-
sion capacity by pre-filtering before the OIL). This pre-
filtering was later shown to be unnecessary provided
the locking range is sufficiently small. Injection ratio as
low as -65 dB [3] was the key enabler of this system.
In addition to optical fiber communications, OIL based
homodyne coherent detection is also exploited in free
space communications. Kakarla [51] demonstrated sub-
nW injection powers, although with the help of an EDFA
to pre-amplify the low power signal.

The carrier tone can also be placed at the side band,
as shown in [57]. This eliminates the need for creating
a guardband for single-carrier modulation format. After
the carrier recovery, the recovered LO needs to be
converted back to the center for homodyne coherent de-
tection by single sideband frequency shifting techniques.

OIL can also be used to recover LOs in a comb based
transceiver. In [88], [106], one (or two) of the comb tones
were left unmodulated, while the rest of the tones were
modulated individually to generate QAM signals. The
unmodulated tones served as pilots that were recovered
via OIL at the receiver side. The recovered CW signal
then seeded an electro-optic comb generator [107]. In
these type of transceivers, the phase-locked nature of
the optical carriers are exploited in the DSP for the
DWDM signals, showing reduced DSP complexity [5].
OIL is crucial in these systems as it regenerates CW
tones with high OSNR. The reduced linewidth ensures a
low phase noise clock recovery from the beating of the
tones, ensuring high quality signal detection.

Yet there is still a major challenge to use OIL at the
receiver side. How to make it polarization insensitive.
The easiest way is to track the polarization [108]. Alter-
natively, a polarization insensitive method was proposed
in [89], [109].

C. Phase sensitive Amplifiers and Parametric comb gen-
eration

OIL has been very popular in Phase Sensitive Ampli-
fication (PSA). A PSA amplifier has gain dependent on
the phase of the signal, as opposed to traditional optical
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Figure 16. PSA implementation through a degenerate FWM process.
The PSA maximally amplifies the signal when its phase is 0 or 7
relative to the phase of the pumps, and maximally attenuates the signals
when the phases are 7/2 or 37 /2.

amplifiers (e.g. EDFA), which amplify an input signal
irrespective of its phase. An example of PSA based on
degenerated FWM is shown in Fig. 16. This particular
PSA was demonstrated to be used as a regenerator of
BPSK signals [110], [111], since it amplifies signals
with phases of 0 or m (where data is carried), while
it attenuates signal components that have orthogonal
phases (where there is only noise).

Apart from regeneration of binary PSK signals, PSAs
were also demonstrated to regenerate more complicated
modulation formats such as QPSK [112], quantize op-
tical phase [113], performing almost noise-less data am-
plification [114], [115], noise-suppressed amplification
of optical frequency combs [116], etc.

The main challenge of most PSA-based signal pro-
cessors is to generate a low-noise, high-power pump
that would be phase-locked to the (noisy) data. OIL is
an ideal technique to perform this task. Let us demon-
strate it on the example of the first PSA-based optical
regenerator that needed only the noisy data signal at its
input (requiring the pumps for the FWM process to be
generated within the regenerator) [111]. The schematics
of generating pumps is shown in Fig. 17. Firstly, a free
running laser (Pump 1) is mixed with the noisy data
signal in a non-linear medium (highly nonlinear fiber
(HNLF) here), generating an Idler that is phase-locked to
the Signal and Pump 1 (due to the nature of the FWM).
Although the Idler is modulation free due to the effect of
modulation stripping [111], it contains all the phase and
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amplitude noise present on the data Signal, making it
unsuitable as the Pump 2 in the PSA. Therefore, OIL
is used with Idler as the master — removing all the
amplitude noise and strongly suppressing all the phase
noise that is out of the locking range. Typically, data
Signal has bandwidth of 10s of GHz (e.g., 40 GHz
in [111], while OIL is set to have sub-GHz bandwidth,
filtering out majority of the noise.

In some PSA implementations [114], [115], the pump
signal is transmitted along with the data Signal, but needs
to be regenerated prior to PSA. OIL is often used in this
scenario too for the same benefits as outlined above.

Apart from FWM-based PSAs, OIL has been used in
other parametric (e.g., FWM) based processes, e.g., to
generate optical frequency combs of unique properties
(e.g., with very high optical signal-to-noise ratio). This
was first demonstrated in [117], Fig. 18. Side-modes are
generated from a CW laser via an electro-optic modula-
tor first. Subsequently, two of them are OIL to generate a
strong and low-noise two-tone signal with the two tones
phase locked together. In the next step, these two tones
are sent through a nonlinear medium (such as HNLF),
generating new spectral components (via FWM). The
generated frequency comb can be investigated in the
temporal domain, producing, e.g., short optical pulses
(such as in [117]) or in the frequency domain as a
bank of phase-locked optical frequency carriers [118].
In the latter case, over 100 nm wide frequency combs
were achieved via precise engineering of new tones
generation in the engineered HNLF. For example, in an
early work [118], 100-GHz spacing covering 100 nm
bandwidth (> 120 tones) with > 5 dBm per tone and
optical signal-to-noise ratio OSNR > 42 dB (0.1 nm
bandwidth) was shown in a variety of applications (e.g.,
[91], [119], [120]) and has been also commercialised by
RAM Photonics, LLC.
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Figure 18. Generation of optical frequency comb, which produced
short optical pulses in the temporal domain.

D. Optical waveform synthesis

In optics, generation of customized-shaped pulses
generally consist of shaping pulses generated, e.g., by a
mode-locked laser. The most flexible technique consists
of performing shaping of the amplitude and phase of the
pulse spectrum using spatial light modulator and a 4f
arrangement (so called Fourier synthesis, as the 4f inter-
ferometer performs optical Fourier transform, processes
pulse spectrum, and a subsequent inverse optical Fourier
transform back to temporal domain) [121]. In its ulti-
mate implementation, it performs ‘line-by-line’ spectral
shaping [122]. As the repetitive pulse source (such as a
mode-locked laser) have spectrum consisting of discrete
tones (with spacing corresponding to the repetition rate),
manipulating each tone individually (rather than group
of tones performed in earlier Fourier synthesis) gives
ultimate flexibility enabling arbitrary amplitude/phase
pulse shaping. These pulse shaping techniques, how-
ever, are based on attenuation/elimination of spectral
components/tones and manipulation of their phases. As
discussed in section III-B, OIL can be used to selectively
amplify spectral components of interest (rather than
attenuate unwanted spectral components), even from a
pulsed source of relatively small repetition rate, such as
metrology-grade optical frequency comb. In [50], this
was shown using a pulsed source with repetition rate
(tone spacing) as small as 250 MHz, requiring very little
power of the tone-to-be-locked to (down to -60 dBm),
enabling direct comb tone amplification (by 65 dB)
without using any EDFA amplification. Pulse synthesis
via OIL of multiple lasers and tunable alignment of their
relative amplitudes and phases was shown in [11], Fig.
19.

OIL can be also used for generating RF waveforms, as
shown, e.g., in [123], where RF waveform tunable over
seven octaves was demonstrated. This technique is based
on deep modulation of an optical carrier (which gener-
ates higher-order modulation sidebands), subsequent OIL
to one of the higher order modulation sidebands, and
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Figure 19. (a) Illustration of a sinc-shaped spectrum envelope (blue)
realized with five discrete non-zero components (red). (b) OIL of five
lasers used to realize (by subsequent phase/amplitude manipulation) of
the sinc-shaped spectrum (shown in in (a)). Experimental result for (c)
flat-top and (d) inverse-parabolic pulses generated via manipulation of
phases/amplitudes of the five lasers.

finally beating of the original carrier and the OIL laser
on a photodetector.

E. Transfer of precise frequency

The ultra-precise optical frequency standards have
been improved progressively down to the frequency
instability of a few parts in 107'® [124]. For their
distribution (or comparison), it is necessary to use more
precise means than the traditional satellite-based fre-
quency transfer. Transmission over optical fibers has
emerged as such an alternative with distances up to 1840
km achieved with frequency instability down to 10719
level [125]. This requires bi-directional propagation of
signals through optical fibers, which enables cancellation
of the fiber drift (that otherwise causes Doppler shift
of the transmitted frequency). Amplification of such
signals (essentially CW lasers with carrier frequency
locked to a frequency standard) over bi-directionally
operated fiber is challenging, especially due to the need
of amplification (e.g., EDFAs tend to cause parasitic
lasing when operated bi-directionally, etc.).

OIL is an ideal ‘amplifier’ of signal that carries precise
frequency (essentially a CW laser). Firstly, it provides
very high amplification (e.g., > 60 dB). Simultaneously,
it can be designed (using very low injected powers, Fig.
4) to amplify signal over very limited locking range,
rejecting higher-frequency noise picked up by the signal
during propagation, performing regeneration. This regen-
eration is ‘out of band’ for both, amplitude and phase.
Finally, for low injection powers, slave laser output
power is essentially insensitive to the injected master



power, providing (in-band) amplitude regeneration too.
This has been demonstrated in [61], where it enabled
frequency transfer over 292 km of installed fiber with
fractional frequency instability below 10719,

OIL could be also used for wavelength conversion of
a CW laser that carries information about precise fre-
quency [126]. This is useful for frequency transfer over
telecom optical network in which the same wavelength
channel may not be available over the entire network and
thus wavelength conversion must be adopted. In [126],
the signal was first regenerated with the OIL, which
seeded and electro-optic frequency comb with 25 GHz
comb spacing. Second slave laser was OIL to the comb
tone of interest (e.g., 8th comb tone from the carrier
for wavelength conversion over 200 GHz), effectively
performing wavelength conversion.

VII. FUTURE RESEARCH DIRECTIONS

In the last decade, OIL technology has matured and
is in our view ready for commercial applications, e.g.,
in various systems discussed in sections V and VI
Although research on OIL has been going on for more
than half a century, new scientific insight into OIL phe-
nomenon and innovate new applications keep appearing,
opening new exciting opportunities for OIL and OIL
based systems.

On the laser dynamics front, novel laser material
research (e.g. quantum dots) requires new scientific
understanding on the OIL laser dynamics. For example,
the low/negative linewidth enhancement factor available
with the quantum dot material could significantly reduce
the modulation chirp and provide symmetric locking re-
gion [45]. New laser designs involving silicon photonics
have demonstrated new features such as an extended
photon lifetime for significant reduction of the intrinsic
laser linewidth [127]. OIL features of these new lasers
are yet to be studied.

On the OIL applications front, we advocate that
system researchers should work together with laser
designers rather than in isolation, which is the norm
today. A commercial laser without the isolator used for
OIL is very likely to have poorer performance than a
laser specifically designed for the intended OIL applica-
tion. An example is the large-bandwidth OIL lasers, in
which we need to obtain simultaneously high resonance
frequency and flat frequency response, which requires
simultaneous optimization of bandwidth, damping, fre-
quency detuning, and OIL ratio.

In addition to laser engineering, applications impose
challenges on integration and polarization sensitivity.
In optical transceivers, it is preferred to have both
master and slave lasers on the same chip for OIL
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DMLs and carrier recovery. However, this has always
been a challenge due to the lack of optical isolators
on the PIC platforms. On-chip isolators would largely
benefit the OIL based systems. Another solution may
be the newly emerged reflection-insensitive lasers [128].
Yet another approach would be to design master-slave
pair considering the back-reflection into master in the
design (by adding relevant term into the rate equations).
This would be similar to the example of two coupled
pendulums affecting each other.

Even without the back-reflection solution, there is a
large class of applications in which a single master (CW
laser or an optical frequency comb) is used, requiring
only single isolator between the master and (potentially
multiple) slave lasers, e.g., for Fourier waveform syn-
thesis. In applications requiring optical carrier recovery,
(e.g. the LO recovery we discussed in Section VI-B), the
OIL process needs to cope with input signal polarization
variations, making research on polarisation insensitive
OIL crucial for these applications [89].

VIII. CONCLUSION

OIL has been demonstrated and studied for more than
fifty years. Standing on the shoulders of giants, engineers
and researchers can now harness the useful features it
offers, enabling new applications in optical communi-
cations and signal processing. To get the full benefit
of OIL, intuitive understanding and stable operation are
crucial for practical applications and innovations. In this
paper, we attempt to explain OIL features without diving
deep into the OIL rate equations. Together with the
control methods summarized in Section IV, we hope
to introduce the OIL technique to a wide range of
researchers and engineers, especially those who are not
familiar with it. OIL has entered numerous applications
in the past decade, yet the OIL based applications are
far more than those we introduced. Exciting new oppor-
tunities and challenges lie ahead waiting for passion and
new ideas.

APPENDIX

BPSK Binary phase shift keying

CD Chromatic dispersion
CFO Carrier freugency offset
CPE Carrier phase estimation
CW Continuous wave

DBR  Distributed Bragg reflector



DCF

DFB Distributed feedback
DML Directly modulated laser
DM-DD Direct modulation direct detection
DSP Digital signal processing
DWDM  Dense wavelength division multiplexed
EDFA Erbium-doped fiber amplifier
FP Fabry Perot
FWM Four wave mixing
HNLF Highly nonlienar fiber
LO Local oscillators
RF Radio frequency
IM-DD  Intensity modulation direct detection
OFDM  Orthogonal frequency division multiplexing
OIL Optical injection locking
OPLL Optical phase lock loop
OSNR Optical signal-to-noise ratio
PAM Pulse amplitude modulation
PSA Phase sensitive amplification
PSK Phase shift keying
QAM Quadrature amplitude modulation
QPSK Quadrature phase shift keying
SOA Semiconductor optical amplifier
SMF-28  Standard single mode fiber
SMSR Side mode suppression ratio
VCSEL  Vertical cavity surface emitting laser
WSS Wavelength select switch
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