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Abstract—A detailed experimental investigation of the effects of
external optical injection on a Fabry Perot laser when in continuous
wave (CW) mode and in gain switched mode is presented. Such de-
tailed characterisation can help in optimising operating condition
of the transmitters to significantly improve the system performance
for dedicated applications. In CW mode, we characterised various
performance indicators of a laser such as side mode suppression
ratio (SMSR), wavelength, peak power, modulation bandwidth, res-
onance frequency, optical linewidth, and phase noise under external
optical injection with the use of tuning maps. We also present in
brief the theoretical origin of these parameters using rate equations.
We then investigated the performance of the externally injected
Fabry Perot laser under gain switching for optical frequency comb
(OFC) generation. We demonstrated the generation of an OFC with
a free spectral range of 6.25 GHz to 25 GHz and a quasi-continuous
wavelength tunability of 31 nm. The phase noise of the tones of the
generated OFC is measured and is found to be similar to that of
the externally injected light and the measured optical linewidth
was ∼40 kHz. We also presented experimentally the trade-off that
exists between bandwidth of the generated OFC and the phase noise
of individual comb tones under external optical injection and their
optimisation for the application at hand.

Index Terms—External optical injection, free spectral range,
gain switching, linewidth, modulation bandwidth, optical
frequency comb, phase noise, rate equations, resonance frequency,
SMSR, wavelength tunability.
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I. INTRODUCTION

IN THE last two decades, network traffic has seen a significant
increase due to the evolution of the information age. The

unprecedented growth in the network traffic is continuously
increasing the demand for bandwidth that thus far has been met
by technologies such as dense wavelength division multiplexing
(DWDM) and high order modulation formats. However, the
current trend of system capacity and internet traffic suggests
that in the next decade the system capacity will fall behind the
internet traffic by a factor of ten without innovative solutions
[1]. Continual industry innovation is needed to keep pace with
rapidly increasing internet traffic. In order to keep meeting the
demand for bandwidth, optical networks must evolve towards
higher performance, throughput, spectral efficiency, and reduced
power consumption [2], [3]. Often a lightwave system is char-
acterized by its spectral efficiency, which is the information
rate that can be transmitted over a given bandwidth or channel
spacing. Currently, commercial systems incorporating DWDM
utilise a channel spacing of 50 GHz and can support data rates
of up to 100 Gb/s [4]. In order to achieve further spectral
efficiency, 400 Gb/s and, 800 Gb/s and, 1 Tb/s transponders,
employing high order spectrally efficient modulation techniques
such as Nyquist-Wavelength Division Multiplexing (N-WDM)
or coherent optical orthogonal frequency division multiplexing
(CO-OFDM) have been proposed [5]. Recent experiments have
achieved a record-high of 17.3 bit/s/Hz spectral efficiency trans-
mission over 50 km using probabilistic shaping of polarization
division multiplexing (PDM) 4096-QAM [6]. Such modulation
techniques can operate at closer channel spacing with reduced
or no guard bands. This can significantly improve the spectral
efficiency by reducing/eliminating the guard bands. This calls
for a flexible grid which can dynamically adjust its channel
spacing to accommodate varying capacity and different reach
requirements [7], [8].

Implementation of flexible/elastic optical network puts cer-
tain stringent requirements on the transmitter design including
high power, high side mode suppression ratio (SMSR), low
phase noise, high wavelength stability, flexible channel spac-
ing, spectral flatness and high phase coherence. Conventional
transceivers are realised by employing a bank of independent
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semiconductor lasers. Such transceivers suffer from thermal-
induced wavelength drift and require dedicated temperature con-
trol and wavelength lockers for wavelength stabilisation which
significantly increases the power and cost budget. They also
suffer from lack of phase correlation between the carriers which
is not essential but can be useful in reducing the computational
complexity of the digital signal processing (DSP) engine [9].
A flexible grid optical network can be efficiently realised by
employing an optical frequency comb source (OFC) [10]. An
OFC can be defined as a laser or laser subsystem, capable of
generating multiple precisely spaced discrete optical carriers
that share a strong phase correlation [10]. In addition, the in-
herently precise and stable frequency spacing of OFC enables
the reduction of guard bands and thus improving the spectral
efficiency of a lightwave communication system utilising ad-
vanced multicarrier modulation techniques. OFCs based on the
external injection of gain switched laser diodes satisfies most of
the attributes required from such transmitters and has generated
a significant interest over the years [12], [13]. The suitability of
this approach lies in its capability for monolithic integration [15],
[16], free spectral range tunability [17], large central wavelength
tunability [12] and simplicity. The inclusion of external optical
injection improves the slave laser performance [34], typically in
terms of mode selectivity [18], resonance peak and modulation
bandwidth enhancement [19], [20], and especially noise reduc-
tion [21], [22], making such a comb source particularly attractive
for coherent applications requiring low linewidth multi-carrier
transmitters.

Most of the previous work on the OFC generation through
gain switching were focused on optical external injection of
single mode lasers [11], [14]. In this paper, we present a very
detailed experimental investigation of the effects of optical
injection on Fabry Perot laser when in continuous wave (CW)
and in gain switched mode for the very first time to the best of
our knowledge. In Section II of the paper, we experimentally
characterise the vital parameters of the gain switched laser
including wavelength, SMSR, power, modulation response, res-
onance frequency, linewidth, and phase noise under external
optical injection. Such characterisation can then be used to
precisely operate the laser subsystem based on master-slave
configuration for the application at hand to attain optimum
system performance. Section III of the paper illustrates the
importance of injection locking in the generation of a wide
OFC with multiple carriers sharing a very high degree of phase
correlation. Section III also presents results on the free spectral
range (FSR) and quasi-continuous wavelength tunablity of the
generated OFC. We assess the quality of the generated comb
lines through phase noise and linewidth measurements. Finally,
the effect of external optical injection on the overall bandwidth
and the phase noise of the OFC is discussed.

II. EXTERNAL OPTICAL INJECTION

External optical injection entails the coupling of light from
an optically isolated external laser source, usually named as
the master laser, into the cavity of another laser known as the
slave [19], [23], [24], [25], [34]. External optical injection, in an

injection locking regime (described later), is known to improve
certain output characteristics of the slave laser performance,
typically in terms of mode selectivity, high SMSR, relaxation
oscillation and modulation bandwidth enhancement, and noise
reduction. In this section, we will present experimental verifica-
tion of this along with some theoretical insights.

The dynamics of an injection-locked laser can be understood
by the steady-state analysis of the rate equation of semiconduc-
tor lasers with optical injection. The standard optical injection
locking (OIL) rate equations can be found in [19], [20], [23],
[25]. Equation 1 qualitatively explains the locking condition of
the slave laser. It describes the differential of the phase, namely,
and is a formula for the emission frequency of the laser [20].

dφ (t)

dt
=

α

2
go [N (t)−Nth]− κ

√
Sinj

S (t)
sin (φ (t))−Δωinj

(1)
where S(t), and N(t) are the slave laser’s photon, and carrier
number. φ(t) is the phase difference between the internal and
injected field from the master. go, Nth, and α are the slave
laser’s differential gain, threshold carrier number, and linewidth
enhancement factor. κ, Sinj , and Δωinj denotes the injection
terms and stands for the coupling rate, injected photon number,
and detuning frequency, respectively. The coupling rate is the
rate at which the injected photons enter the cavity and distribute
themselves along the cavity length. The detuning frequency,
Δωinj , is the difference between the master laser’s frequency
and slave laser’s free running frequency (without injection):
Δ ωinj = ωmaster − ωfr.

In equation 1, the relative change in frequency induced by
the resonance shift which is caused due to the reduction of the
carrier number under injection is denoted by the first term on the
right-hand side. The second term captures the shift caused due to
the coupling between internal and injected fields. In steady state,
when injection locking is achieved, dφ

dt = 0. This means that
when the sum of the relative changes in frequency caused due
to reduction of carrier number under optical injection (first term
of equation 1) and the coupling between internal-injected fields
(second term of equation 1) is equal to the detuned frequency,
Δωinj (third term of equation 1), the slave laser is considered
to be injection locked. This is the steady state solution of the
equation 1. By substituting the steady state solution for various
parameters in equation 1, and solving for the detuned frequency,
we obtain:

Δ ωinj =
α

2
go [Ns −Nth]− κ

√
Sinj

Ss
sin (φs) (2)

For a free running Fabry-Perot (FP) laser, the mth longitudinal
modes corresponding to the FP cavity resonance can be written
as:

ωfr =
mc

2μl
(3)

here, ωfr is the free running frequency of the mth longitudinal
mode, c is the speed of light in vacuum, μ is the refractive
index of the active layer and l is the cavity length. Equation
3 shows that the frequency of emission is inversely proportional
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Fig. 1. Cavity resonant condition under injection locking.

to the refractive index of the laser material. Also, refractive
index is a material property and shares an inversely proportional
relationship with the carrier number, N, in the cavity. Hence, the
increase (decrease) in the carrier number, increases (decreases)
the emission frequency. This relationship can be expressed as
[23]:

Δω (N) =
α

2
goΔN (4)

here, α is the linewidth enhancement factor, go is the differential
gain, andΔN = N −Nth,Nth is the threshold carrier number.
Fig. 1 considers the case of injection locking. Here, ωfr is the
free running frequency of the mth longitudinal mode of the FP
cavity resonance, and ωmaster is the frequency of the injected
field (master-laser). Due to the increased number of photons
in the slave laser’s cavity, the steady state carrier number goes
below the threshold value, this redshift the cavity mode as per
equation 4. This change is depicted in Fig. 1 by the frequency
ωshift. But under injection locking, the frequency of the output
light is ωmaster, not ωshift. From Fig. 1, and equation 2, we
can deduce that despite being injection locked, the slave laser
continues to emit photons at a frequency which corresponds to
its cavity resonance condition, ωshift. Under injection locking,
the injected master light continuously shifts the phase of the
slave laser’s light such that the slave laser’s output appears to
lase at the frequency of the injected light (master-laser). These
phase-shifted photons undergo stimulated emission and creates
more photons which are phase correlated to the new phase [19].

A. Experimental Set Up

Fig. 2 shows the experimental setup used to assess the effect
of injection locking on the output characteristics of the slave
laser. A Fabry Perot laser is used as the slave laser for this
characterisation. The FP laser exhibited a threshold current of
∼10 mA at 20 °C. Detailed characterisation of this FP laser is
included in section 3. The slave laser was biased at 26.3 mA
and maintained at a temperature of 15.3 °C. The free running
longitudinal mode at 1563.76 nm of the FP laser cavity resonance
is selected to study the slave laser under optical injection. A
low-linewidth semiconductor laser, wavelength tunable in the
C-band is used as a master laser, injecting light in the cavity of
the slave laser using a polarisation maintaining (PM) circulator.
Both the slave and master lasers are pigtailed with PM fiber.
The emission wavelength of the master laser is varied from
1563.6 nm to 1564.4 nm in steps of 0.01 nm to vary the

Fig. 2. Experimental setup to obtain locking maps of SMSR, peak wavelength,
peak power, peak resonance, modulation bandwidth, and linewidth for various
detuning and injected power.

Fig. 3. Locking map showing steady state SMSR for the mentioned injected
power and detuning.

detuning frequency, Δωinj . Also, the emission power of the
master laser is varied to emulate injection ratio variation. The
output of the externally injected slave laser is then passed to an
optical spectrum analyser (OSA – Yokagawa, AQ6370), a vector
network analyser (VNA – Hewlett-Packard 8510C), and a phase
noise setup for spectral, modulation response and phase noise
measurements, respectively.

B. Spectral Characterisation

Fig. 3 shows the SMSR map of the slave laser under external
optical injection. The vertical axis shows the optical frequency
detuning between the master laser and the free-running slave
laser (1563.78 nm), and the horizontal axis shows the injected
master power in the cavity of slave laser. The main information
extracted from Fig. 3 are the different operating regimes under
external optical injection. Region-1 signifies a stable injection
locking regime, which is the most important regime for all
the major applications including direct modulation and coher-
ent communications. Region-2 denotes the chaotic regime. In
this region the oscillation undergoes amplitude and non-linear
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Fig. 4. Locking Range of the slave laser vs injected power from master laser.

frequency modulation, which leads to a phenomenon like self-
pulsation. Region-3, and Region-4 corresponds to the regime
where four-wave mixing between internal and injected fields
occur in the laser cavity. These non-linear effect in Region-23
and 4 have been extensively studied by many authors [26], [27],
[28], [29]. In this work we mainly focus our attention on the sta-
ble injection locking regime (Region-1), as in this region we see
the enhancement in various slave laser characteristics including
modulation bandwidth enhancement and noise-reduction. In the
rest of the paper, the injection locking regime will refer to the
stable locking regime unless specified otherwise.

Fig. 3 shows that in the injection locking regime, all the
longitudinal modes of the FP cavity are suppressed except for the
one injection locked to the master laser, and the SMSR in this
regime is ∼50 dB. The locking range is defined as the range
of frequencies of the injected light from the master-laser at
a given injected power into the cavity of the slave-laser over
which the slave-laser is injection locked (dragged in frequency)
to the injected light. This corresponds to a very good single
mode performance with an SMSR in excess of 45 dB. The
lock-in range in Fig. 3 is centered around −20 GHz instead
of zero. This is due to the redshift of the slave laser wavelength
under external optical injection. Due to the increased number of
photons in the slave laser’s cavity, the steady state carrier number
goes below the threshold value, which redshifts the cavity mode
as per equation 4. At low external optical injection where the
locking-range is narrow, the master laser’s wavelength has to
be higher than the slave laser free running wavelength to be in
the locking range for successful injection locking. In Fig. 4, the
observed locking range for different levels of injection power,
is plotted. It can be observed that the locking range increases
with injected power within the given range of injected power.
We have achieved a maximum 32.5 GHz of locking range at
13.5 dBm of optical injection.

Fig. 5 shows the corresponding output peak wavelength
maps under external optical injection. As discussed earlier,
even though the FP cavity resonance condition redshifts the
slave laser’s resonant cavity frequency under external optical

Fig. 5. Locking map showing steady state peak wavelength for the mentioned
injected power and detuning.

Fig. 6. Locking map showing steady state peak power for the mentioned
injected power and detuning.

injection, the output of the slave laser follows the master laser
wavelength once injection locked. It can be clearly seen in
Fig. 5, that the output wavelength from the slave laser follows
the wavelength of the injected light in the region of injection
locking.

Finally, the corresponding map for the peak power (power of
the injected mode) is presented in Fig. 6. In a FP spectrum,
the power gets distributed among many longitudinal modes.
However, under injection locking, the single mode emission
wins and captures most of the gain. As is clear, the peak power
significantly improves under injection locking.

C. Enhancement of the Resonance Peak and
Modulation Response

When the slave laser is injection-locked, it emits all the power
at the injected frequency, ωmaster. However, since the carrier
number is reduced below its threshold value due to external
optical injection, the cavity resonance condition redshifts as
given by equation 4. As shown in Fig. 5, once locked, the
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Fig. 7. Locking map showing the resonance peak for mentioned injected power
and detuning.

slave laser lases at ωmaster and not at its cavity resonance
condition, ωshift. This frequency detuning between the cav-
ity resonance condition, ωshift , and the lasing wavelength,
ωmaster, influences the modulation response [26] and results
in the resonance frequency enhancement [19]. In [20], the au-
thors have shown that during the transient processes, the field
corresponding to the cavity resonance condition is generated.
This field then interferes with the injection locked field. Due
to this interference, the output laser intensity exhibits a beat at
the detuned frequency. Such transient field diminishes in the
steady state, as all the optical gain is provided to the locked
field. The enhanced resonance frequency (Δωres) produced by
this interaction can be given by the difference between injected
field frequency, ωmaster, and the cavity resonance condition,
ωshift: Δωres = ωmaster − ωshift. From Fig. 1, and equation
4, this can be further written as:

Δ ωres = Δωinj − α

2
goΔN (5)

Then according to [19], the resonance frequency (ωres) can
be written as equation 6. Here, ωres,0 is the resonance frequency
of the free running slave laser.

ω2
res ∼ ω2

res,0 + Δω2
res (6)

The modulation response and resonance frequency of the
slave laser under external optical injection is measured using
a Vector Network Analyser (VNA). The free running modu-
lation response of the slave laser at various currents is shown
in Fig. 13(c). Fig. 7 shows the corresponding maps of reso-
nance frequency of the slave laser under optical injection. The
resonance frequency of the slave laser under external optical
injection is measured by locating the peak of the modulation
response curve. The maps show 2 profound variations:
� Frequency of resonance increases with injected power:

This variation can be easily understood from equation 5
and 6. For a given detuning, as the injected power in the
slave laser cavity increases, the carrier number decreases.
This reduction in carrier number further redshifts the cavity

Fig. 8. Locking map showing the 3 dB modulation bandwidth for mentioned
injected power and detuning.

mode, ωshift, as given by equation 4. This increases the
detuning between the injected frequency, ωmaster and the
cavity mode, ωshift and results in the increment of the
resonance frequency, ωres.

� Frequency of resonance increases (decreases) with pos-
itive (negative) detuning: For increasingly negative de-
tuning frequencies, the master laser frequency approaches
the cavity mode (see Fig. 1) and the resonance frequency
enhancement decreases. However, for a positive detuning,
the master moves in the opposite direction of the cavity
mode migration, creating larger resonance frequency en-
hancements, with the largest enhancement occurring at the
positive edge of the locking range.

The 3 dB modulation bandwidth of the slave shows a similar
pattern as the resonance frequency and the corresponding maps
of the slave laser’s 3 dB modulation bandwidth under external
optical injection is presented in Fig. 8. One important point to
notice here is that the modulation bandwidth of the slave laser
is enhanced from its intrinsic value of ∼6 GHz to ∼22 GHz for
the given injection parameters. This large improvement in the
modulation response of the slave laser is a direct consequence
of external optical injection.

D. Noise Reduction

The phase noise of a semiconductor laser diode is an impor-
tant parameter in coherent communication systems. For such
systems, the phase noise requirements of the optical trans-
mitter become very stringent [36]. In this work, the noise in
the optical signal is characterised by measuring the frequency
modulated (FM) - noise spectrum, which fully describes the
noise processes contributing to the overall phase noise [30]. The
optical linewidth is then calculated through the flat white noise
component of the FM-noise spectrum.

The experimental characterisation of the FM-noise spectrum
is performed via a phase noise measurement method previously
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Fig. 9. Experimental set up for phase noise measurements using the modified
delayed self-heterodyne detection method. SSMF: standard single mode fiber;
PC: polarization controller; SG: signal generator; RF AMP: RF amplifier; Phase
mod: phase modulator.

developed [30], whose set up is presented in Fig. 9. The tech-
nique used here to measure the phase noise of the optical signal is
based on the technique presented in [30] and is commonly known
as the modified delayed self-heterodyne. The optical signal to
be measured is split into two equal parts using a 50:50 cou-
pler. One part is de-correlated from the original/other signal by
propagating it via 12 km of standard single mode fiber (SSMF).
The other part is phase modulated, using a phase modulator
driven by a high power 1 GHz signal to achieve second order
harmonics. The light from both the arms are then recombined
using another 50:50 coupler. The recombined signal is then
passed to a photodetector. The detected heterodyne signal will
present copies of doubled linewidth at 1 GHz harmonics, which
are sampled and captured with the aid of a real time oscilloscope.
The differential phase information is then recovered offline by
following the procedure presented in [30]. Phase noise can be
quantified by the power spectral density (PSD) of the differential
phase, SΔφn

(f), having units of rad2/Hz. Phase noise is directly
related to the frequency noise, as the instantaneous frequency,
fins, is basically the time derivative of the phase, φn(t):

fins =
1

2π

dφn (t)

dt
(7)

The PSD of the instantaneous noise frequency, SF (f), can
be found from the PSD of differential phase, SΔφn

(f), using
equation 8 [31]:

SF (f) =

(
f

2 sin (πfT )

)2

SΔφn
(f) (8)

here, T is the time delay in the 12 km of SSMF. Now, for the
white FM-noise, the single-sided PSD of the noise frequency
can be written as:

SF (f) =
δf

π
= S0 (9)

This leads to a double-sided field spectrum, S(f), having the
Lorentzian shape [31]:

S (f) =
δf

2π
[
f2 + δf

2

2
] (10)

Thus δf in equation 9 represents the full width at half maxi-
mum (FWHM) of the field spectrum (optical spectra). Hence
the linewidth can be extracted from the flat portion of the

Fig. 10. Measured FM-noise spectrum of (a) Free running slave laser, and
(b) master laser, and injection locked slave laser.

FM-noise spectrum (PSD of instantaneous noise frequency). In
our measurement, the linewidth extracted from the FM-noise
spectra plot is given by - FWHM = π

2 S0. The factor of 2 is
added since the local oscillator light output and the signal are
equally noisy.

In order to measure the FM-noise spectrum of the slave
laser, the mode at 1563.78 nm of the FP laser was first filtered
using a tunable optical filter with adjustable bandwidth, Yenista
XTM-50. Fig. 10(a) shows the FM-noise spectrum of the slave
laser which appears to be completely flat because its resonance
peak lies far outside the observed frequency range. The measured
linewidth from the flat white FM-noise component of the slave
laser is of the order of tens of megahertz. Such a large linewidth
makes the usability of higher modulation format challenging
if not completely redundant (Baud rate dependant). Optical
injection has been studied over many years, and has been shown
to improve the noise characteristics of the injected laser [21],
[22]. Injection from a high spectral purity master laser under
optimised injection conditions can lead to the generation of
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Fig. 11. Locking map showing the optical linewidth for mentioned detuning
and injection ratio.

Fig. 12. Schematic diagram of the experimental set-up used to generate Gain-
Switched Optical Frequency Comb (GS-OFC).

highly coherent output, equivalent to the master laser itself.
Fig. 10(b) shows the FM-noise spectrum of the master laser
(black). The measured linewidth from the flat white FM-noise
component is ∼20 kHz. Fig. 10(b) also shows the FM-noise
spectrum of the slave laser under external optical injection, with
master laser operating at a detuning of −20.8 GHz and the
injected power was 7 dBm. As expected, the external optical
injection resulted in a superior performance in terms of noise.
The FM-noise spectrum of the injected slave laser is equivalent
to the master laser with a measured linewidth of ∼20 kHz.

Fig. 11 plots the linewidth map of the slave laser under
external injection for the given detuning and injected power. As
evident from the linewidth map, a linewidth of less than 60 kHz
is obtained for all the points within the locking range. Also,
as predicted in [22], for a given detuning, the laser linewidth
continuously improves with the increased injected power. Also,
the laser linewidth improves with negative detuning as predicted
in [22].

III. EXTERNALLY INJECTED GAIN SWITCHED OPTICAL

FREQUENCY COMB

A. Experimental Set Up and DC Characterisation

The schematic diagram of the experimental set-up used to
generate the gain switched optical frequency comb (GS OFC)
is presented in Fig. 12. The slave laser used is a commercially
sourced FP laser from Fraunhofer Heinrich Hertz Institute. This

Fig. 13. FP laser CW characterization at 20 °C: (a) LI curve, (b) Optical
spectrum at 50 mA, and (c) small-signal modulation response at 20, 40 and 60
mA.

device is packaged in an optically un-isolated and temperature
controlled high-speed butterfly package. The P-contact of the
laser diode is wire-bonded to the RF connector through an
internal 47 Ω sheet resistor for impedance matching. The RF
connection to the laser was designed to provide reasonable
performance up to 40 GHz. The packaged device contains a
10 kΩ thermistor and a thermoelectric cooler (TEC) for sensing,
controlling and stabilising the laser diode temperature. The
optical light from the FP laser is collected using a PM fiber. As
shown in Fig. 13(a), the FP laser exhibited a threshold current of
∼10 mA at 20 °C. The output emission of the FP laser falls within
the C and L band with the emission peak around 1572.5 nm when
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Fig. 14. Optical spectra of gain switched optical frequency comb at a gain
switching frequency of 12.5 GHz: (a) without external injection, (b) without
external injection, focusing on the non-dominating mode of the FP laser, (c) with
optical injection, showing the excellent mode selectivity, and (d) with optical
injection, focusing on the generated optical frequency comb with 9 lines in the
3 dB bandwidth.

biased at 50 mA at 20 °C, as shown in Fig. 13(b). The small
signal modulation response of the FP laser at 20, 40 and 60
mA of injection current is recorded in Fig. 13(c). We observed
a relaxation oscillation frequency of 5, 9 and 10 GHz at 20,
40, and 60 mA of bias current respectively. The observed small
signal 3 dB modulation bandwidth at 60 mA of injection current
is ∼13 GHz. A low linewidth tunable laser is used as a master
laser to provide external injection through a PM circulator. The
effect of optical injection on the output characteristics of the
slave laser has already been characterised in detail and presented
in the previous sections.

An external bias tee with a bandwidth of 26 GHz, is used
to provide the DC bias and the gain switching signal to the
slave laser as shown in Fig. 12. A Thorlabs LDC205C laser
diode controller is used to provide the DC bias to the slave
laser. Gain switching is achieved by applying an amplified RF
sinusoidal signal (∼24 dBm) to the high-speed K connector of
the bias tee. The RF sinusoidal signal was provided by a Rhode
and Schwarz SMR40 signal generator and amplified by a HP
83020A RF amplifier. The output optical signal of the injected
and gain-switched FP laser is then transferred to a high resolution
(20 MHz/0.16 pm) OSA (Apex Technologies AP2083A), for
spectral measurements.

B. Generation of GS-OFC with External Optical Injection

Fig. 14(a) shows the optical spectrum of the FP laser gain
switched at a repetition rate of 12.5 GHz without external
injection. As expected, due to lack of any mode selectivity, all
the longitudinal modes of the FP laser are present in the optical
output. The application of a large sinusoidal signal (∼24 dBm)
resulted in the generation of an optical frequency comb at some

Fig. 15. Injection locked master-slave laser, showing excellent mode selectiv-
ity with an SMSR of > 60 dB.

of the longitudinal modes (modes with higher power) and broad-
ening of the others (modes with lower power). The applied gain
switching signal drove the FP laser above and below threshold
continuously which resulted in a high level of chirp and temporal
jitter due to the poor phase correlation between consecutive
pulses. Due to the lack of optical injection, the effects of mode
partition noise (associated with FP laser) would manifest if such
a signal was to transmit over fiber. As shown in Fig. 14(a), the
OFC generated is a multimoded spectrum which is unusable due
to inter-modal dispersion. The OFC generated at the dominating
longitudinal modes of the FP cavity showed very poor spectral
flatness and a carrier to noise ratio of <30 dB was observed
for all the modes. The latter two ill-effects can be attributed
to the lack of phase coherence between the consecutive pulses
[37]. Fig. 14(b) focuses on the extreme modes of the optical
output of Fig. 14(a), further away from the gain peak of the FP
laser. In contrast to the dominating modes, gain switching of the
extreme modes resulted in a significantly broadened spectrum
with no discernible comb tones. All these factors make such
a system practically inefficient/useless for all communication
applications.

The challenges mentioned above can be mitigated by employ-
ing optical injection. Optical injection has been earlier shown
to suppress the mode partition noise [18] to provide single
mode performance with high SMSR [19], [23] and enhanced
modulation bandwidth [19], [23], [32], [33].

Fig. 15 illustrates the mode-selectivity obtained through op-
timised optical injection. By applying optical {injection from
the master laser into the cavity of the FP laser at 1564.6 nm,
single mode performance with a SMSR >60 dB is obtained.
Application of gain switching signal at 12.5 GHz to the slave
laser at these operating points resulted in the generation of highly
coherent frequency combs as shown in Fig. 14(c) and 14(d). The
generated OFC at a free spectral range of 12.5 GHz showed very
good flatness with a full width at half maximum of around 0.8
nm, having 9 comb tones within a 3 dB spectral ripple.

An SMSR and carrier to noise ratio (CNR) of more than
40 dB is also achieved. This indicates excellent pulse-to-pulse
phase stability, phase correlation of the emitted pulses, and a
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Fig. 16. Optical spectra of the GS-OFC generated with different FSRs:
(a) 6.25 GHz, (b) 10 GHz, (c) 14 GHz, (d) 18 GHz, (e) 22 GHz, and
(f) 25 GHz.

considerable reduction in the linewidth [35], [37]. Each of these
generated frequency tones can be treated as an independent
channel for data transmission, which removes the requirement of
separate laser transmitters. These generated channels can then
be separated using an optical demultiplexer. This reduces the
cost of implementing a multicarrier transmitter substantially as
this would not require multiple lasers, temperature controllers
and corresponding wavelength lockers.

C. FSR Tunability

One of the major advantages of the GS-OFC apart from its
simplicity, cost-efficiency, and stability, is its ability to achieve
FSR tunability only restricted by the device’s modulation band-
width which can be significantly enhanced by optical injection.
Since, in a GS-OFC, the frequency spacing between adjacent
comb tones is set by the frequency of the applied radio frequency
(RF) signal, precise and flexible FSR can be easily achieved.

Fig. 16 reports the generated GS-OFC with an FSR ranging
from 6.25 to 25 GHz. Gain switching at these frequencies re-
sulted in the generation of the OFC with 2-17 clearly discernible
and phase correlated comb tones in the 3 dB bandwidth. A carrier
to noise ratio of > 40 dB is observed for all the generated tones
of the OFC. These results are obtained under the application
of external injection from the master laser at 1564.05 nm.

TABLE I
OPERATING CONDITIONS FOR THE OFCS GENERATED AT VARIOUS FSRS IN

FIG. 16

Fig. 17. Optical spectra of (a) overlapped GS-OFC with an FSR = 20 GHz
covering wavelength range from 1552 nm to 1583 nm, and (b) GS-OFC with an
FSR = 20 GHz with a central wavelength around 1576.5 nm having 5 lines in
the 3 dB bandwidth.

The intensity of applied optical injection was varied from 6 to
13.5 dBm to keep the frequency of the relaxation oscillation
close to the required FSR value, this resulted in the generation
of an optimised comb with low temporal jitter [13]. Detailed
operating parameters for generating these combs is presented in
Table I.
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Fig. 18. Optical spectra of GS-OFC with external optical injection optimized
for (a) flatness, and (b) low noise.

D. Wavelength Tunability

As shown in Fig. 15, precise injection into a particular FP
mode results into a single mode with an SMSR in excess of 60
dB. So, by carefully injecting into different FP modes which are
separated by 1.66 nm (see Fig. 13(b)), a single mode operation on
all the longitudinal modes of the FP laser can be achieved. Gain-
switching at these operating points results in the generation of
highly coherent optical frequency combs. In Fig. 17(a), the over-
lapped spectra of these generated OFC under a 20 GHz applied
gain-switching signal is plotted, showing a quasi-continuous
wavelength tuning from 1552 nm to 1583 nm, covering 31 nm.
By carefully designing the FP laser, this wavelength span can be
moved to the C-band or any other band of interest. The generated
OFC on all the longitudinal modes consists of 5 clearly resolved
comb tones separated by 20 GHz, one such OFC is shown
in Fig. 17(b). Furthermore, finer wavelength tunability can be
achieved by temperature tuning the slave laser and then carefully
injecting into the desired FP mode.

E. Phase Noise

As mentioned earlier, the experimental characterisation of the
FM-noise spectrum is performed using a phase noise method
developed in [30]. The experimental setup is the same as pre-
sented in Fig. 9. In this case, the optical signal (GS-OFC) is
passed through a narrow optical band pass filter (OBPF) that

Fig. 19. Measured FM-noise spectrum for (a) master laser and the 3 comb
tones marked in Fig. 18 (a), and (b) comparison of the phase of the central comb
tone of the 2 combs shown in Fig. 18 (marked with red arrow).

selects the individual comb line. Then the filtered comb line
is passed through an Erbium doped fiber amplifier (EDFA) in
order to compensate for the losses in the OBPF. The EDFA was
set to amplify the input light to 3 dBm. The amplified optical
signal was then passed to the modified-DSH setup for phase
characterisation.

Fig. 18(a), shows the generated GS-OFC under external opti-
cal injection with an FSR of 10 GHz, for phase noise analysis. In
this case the master laser was set at 13.5 dBm with emission at
1564.05 nm and the slave laser was biased at 48.4 mA at 20.5 °C.
The phase noise measurement is carried on the marked comb
lines in Fig. 18(a). These measurements are then compared with
the phase noise characteristic of the master laser at those specific
wavelengths. As shown in Fig. 19(a), the FM-noise spectrum
of the master laser is dominated by the flat white FM-noise
component which corresponds to a linewidth value of 20 kHz.

The filtered comb lines at each wavelength have similar FM-
noise spectrum as the master at lower frequencies, as shown
in Fig. 19(a). The corresponding linewidth for all the filtered
comb tones is observed to be ∼40 kHz. At high frequencies the
phase noise of the filtered comb lines presents an acceptable
deviation from the master laser. This deviation was studied in
[35] and is a consequence of residual phase noise from the slave
laser, which depends on the injection parameters used (injected
power and wavelength detuning). As pointed out earlier and
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illustrated in Fig. 8, and 11, with negative (positive) detuning,
the modulation response decreases (increases), and linewidth
also decreases (increases). Hence, the noise in the optical comb
lines can be further improved by negatively detuning the master
- slave laser. But this leads to a reduced modulation response
which reduces the overall flatness and 3 dB bandwidth of the
comb. So there exists a trade-off between the phase-noise at
higher frequencies and overall flatness of the comb. Hence the
injection parameters should be chosen wisely according to the
application at hand.

Fig. 18(b) shows a generated GS-OFC under external injec-
tion and with an FSR of 10 GHz. The slave laser was negatively
detuned (by decreasing the operating temperature of slave laser
to 19.2 °C) relative to master. As pointed out earlier, this re-
sulted in a reduced modulation response and hence, a relatively
narrower and not a flat comb compared to the one in Fig. 18(a).
Fig. 19(b) compares the phase noise of the central comb lines
(marked by red arrow in Fig. 18(a), and (b)) in these two cases.
The 2 filtered comb lines have an almost identical FM-noise
spectrum at lower frequencies. The comb line with increased
negative detuning shows lower phase noise at higher frequencies
as expected from the discussion earlier and as pointed out in [35].

From the results presented in Figs 19(a), and (b), the devia-
tion in the FM-noise spectrum is acceptable hence suggesting
optimum injection parameters for the generated GS-OFC. These
results indicate that the comb tones would impose small penalties
(compared to the master) when being employed in a coherent
communication system [35].

IV. CONCLUSION

Networks incorporating flexible channel spacing to maximise
the spectral efficiency by adapting to the demand of the network
are gaining a lot of attention recently. Implementation of such
networks calls for specialised transmitters capable of generating
number of carriers, with high flatness, flexible channel-spacing,
wavelength tunability, high SMSR, low-noise and cost and
power efficiency. Currently, transmitters based on a bank of
independent lasers are used. Such systems require a dedicated
temperature control for wavelength stabilisation along with a
large inventory which increases the power and overall cost
budget. In this paper, we presented an innovative multicarrier
transmitter, gain switched optical frequency comb (GS-OFC)
utilising external optical injection, which can play a vital role
in the implementation of flexible networks. We also provide a
detailed experimental study of external optical injection by pro-
viding experimental verification of various benefits reaped from
optical injection including single mode performance with high
SMSR, wavelength stabilisation, resonance frequency, modula-
tion response enhancement and noise reduction with the help of
tuning maps. We presented a theoretical background as well to
understand the origin of such enhancements. We then studied the
performance of GS-OFC which takes the advantage of external
optical injection to generate an OFC with clear multiple dis-
cernible comb tones with very high spectral purity, equivalent to
the injecting laser (master). The spacing between the generated
comb tones is governed by the frequency of the applied high

power RF signal - this provides a huge range of FSR achievable.
We presented a complete characterisation of the generated OFC
including FSR tunability from 6.25 GHz to 25 GHz, wavelength
tunability covering 31 nm, and low linewidth 40 kHz, and a
carrier to noise ratio of> 40 dB. We also studied experimentally
the trade-off that exists between bandwidth of the generated OFC
and the phase noise of individual comb tones under external
optical injection, and demonstrated the optimisation of the OFC
according to the application at hand. The presented GS-OFC
employing external optical injection satisfies most of parameters
required from the flexible networks and can prove critical in the
implementation of such systems.
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