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Abstract: We propose a novel scheme for the expansion and comb densification of gain-switched
optical frequency combs (GS-OFC). The technique entails mutual injection locking of two gain-
switched lasers with a common master to generate a wider bandwidth OFC. Subsequently, the OFC
is further expanded and/or densified using a phase modulator with optimum drive conditions. We
experimentally demonstrate the generation of an OFC with 45 highly correlated lines separated by
6.25 GHz with an expansion factor ~3. In addition, operating in comb densification mode, the channel
spacing of the OFC is tuned from 6.25 GHz to 390.625 MHz. Finally, a detailed characterization of
the lines, across the entire expanded comb, is reported highlighting the excellent spectral purity
with linewidths of ~40 kHz, a relative intensity noise better than −152 dB/Hz, and a high degree of
phase correlation between the comb lines. The proposed method is simple, highly flexible and the
architecture is suitable for photonic integration, all of which make such an OFC extremely attractive
for the employment in a multitude of applications.

Keywords: optical frequency comb; gain-switched laser; mutually injection-locked lasers

1. Introduction

The development of optical frequency combs (OFCs) is considered one of the most
important breakthroughs in the photonics field [1,2]. An OFC generates a series of evenly
spaced, phase correlated spectral lines with a very stable free spectral range (FSR). These
properties make them attractive to be employed in diverse applications such as spec-
troscopy [3], ranging [4], atomic clock [5], spectrally efficient optical communication net-
works [6–10], millimeter and terahertz generation [11] and many more [12]. In fiber optic
communications systems, the outstanding stability of the FSR enables a reduction in the
size of the guard bands thereby allowing ultra-dense channel spacing, significantly im-
proving the spectral efficiency. Hence, the OFC can serve as an alternative solution to
the existing laser array, for deployment in next-generation optical networks employing
spectrally efficient schemes [13]. The high degree of phase correlation between the comb
lines also makes them attractive in ultra-low noise microwave and terahertz generation
systems [14]. Finally, the closely spaced combs enable high precision measurements in
applications such as gas sensing and LIDAR [15,16].

The most prominent amongst the several semiconductor-based OFC generation tech-
niques are based on mode-locked lasers (MLL) [17], Kerr effect-based micro-ring res-
onators [18], electro-optic modulators (EOM) [19], and gain-switched lasers (GSL) [20].
Each of these techniques has its pros and cons. In this article, we consider some of the
most important criteria that need to be satisfied, for the employment of OFCs in a wide
range of applications, such as (i) number of comb lines generated, (ii) free spectral range
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(FSR) tunability (from MHz to GHz range), (iii) low complexity and (iv) potential photonic
integration. One of the promising approaches that satisfy the above-mentioned criteria
entails the use of externally injected gain-switched laser (EI-GSL) [20]. The attractiveness
of this technique stems from its simplicity (uses direct modulation), flexibility and cost-
effectiveness. An EI-GSL-based comb features a tunable FSR, narrow linewidth (transferred
from a master laser), and excellent phase correlation [21]. In addition, the EI-GSL scheme
is suitable for photonic integration, further reducing the cost and footprint.

In recent years, the EI-GSL OFC has been extensively studied for various applications
and some of the notable demonstrations include: (i) the realization of a superchannel
transmitter employing spectrally efficient schemes such as Co-OFDM [22,23], coherent
Nyquist WDM [6]; (ii) directly modulated DMT/PAM 4 for data center interconnects [24,25];
(iii) dual comb gas sensing spectroscopy [15,16,26]; (iv) soliton generation [27]; (v) absolute
distance measurement [28] and (vi) analog radio-over-fiber distribution [14]. Furthermore,
some of the photonic integrated circuit (PIC) versions of GSL sources are also realized in
the form of a two-section device [29] and a four-section device [30,31]. This PIC realization
highlights the huge potential of EI-GSL OFC and its suitability for commercial deployment.
Nevertheless, some of the shortcomings of the EI-GSL OFC still need to be addressed such
as (a) a limited number of comb lines, arising from the restricted intrinsic modulation
bandwidth of the laser and (b) difficulty in generating low FSR OFC (<1 GHz). The latter
requires DC biasing of the laser at or below the threshold and modulating the laser with
short electrical pulses [32], thus increasing the complexing and reducing the power of
the comb.

To increase the number of generated comb lines, numerous approaches have been
demonstrated. Zhou et al. [21] employed an electro-optic phase modulator (PM) driven
by an amplified sinewave (~4 × Vπ) at the gain-switching frequency to expand the EI-
GSL OFC by a factor of two. Another expansion technique [20,33] includes the use of
dispersion compensation fiber (DCF) followed by highly non-linear fiber (HNLF) that led
to an expansion by a factor of >3. More recently, a comb expansion technique involving
several EI-GS Fabry Perot (FP) lasers in a parallel, with a semiconductor optical amplifier
(SOA) introducing phase correlation was reported [34]. It resulted in an expansion factor
>3 whilst also providing amplification of the comb lines. However, the architecture and
components used increased the cost and complexity of the expanded OFC source. Other
expansion schemes reported include the use of the dual-mode injection locking of an FP
laser [35], cascaded EI-GS FP lasers [36], dual-drive MZM modulators [37], and of the
dual-polarization effect in VCSELs [38]. However, these approaches resulted in a limited
expansion and in an OFC with a poor optical carrier to noise ratio (OCNR). A summary of
various GSL expansion approaches that have been reported is presented in Table 1.

In this article, we propose a novel architecture to expand the gain-switched laser-based
OFC. In addition, we demonstrate that the same scheme facilitates a wide FSR tunability
via comb densification. The expansion technique is based on the injection locking of
two gain-switched lasers modulated at 6.25 GHz, with a common master laser. Their
combined spectra generate a wide bandwidth OFC. Additional expansion is induced by
a phase modulator driven at multiples of the gain-switching frequency, to achieve an
expansion factor ~3, i.e., producing up to 45 lines and with an OCNR >45 dB (note: unless
stated otherwise, the number of comb lines quoted in the article relates to lines within
a 5 dB window from the spectral peak). Then, we demonstrate a wide FSR tunability
from 390.625 MHz to 6.25 GHz by employing comb densification. Finally, we carry out a
comprehensive characterization of the OFC to exemplify its excellent features. The optical
linewidth of the comb lines was measured to be ~40 kHz, while their relative intensity noise
(RIN) was better than −152 dB/Hz. The comb lines across the expanded OFC also show
an excellent phase correlation. It is also important to note that the proposed architecture
lends itself to photonic integration, further reducing the cost, size and energy consumption.
Such simplicity, flexibility, FSR tuning (GHz to MHz), and potential photonic integration



Appl. Sci. 2021, 11, 7108 3 of 12

(PI) make the proposed OFC generation/expansion architecture extremely attractive for a
wide range of applications.

Table 1. Survey summary of GSL expansion demonstrations.

Ref. Key Expansion
Component

OFC
FSR

Expansion
Factor

Photonic
Integration Demonstration/Comments

[21] FP + phase
modulator 10 GHz ~ 2 Yes 40 nm wavelength tunability;

limited expansion

[20] HNLF + DCF 10.7 GHz >3 No Wide comb generation; complexity
and stability issues

[35] Cascaded GS FP
lasers 10 GHz ~2 Yes 20 nm wavelength tunability; limited

expansion; low OCNR

[36] Dual-mode FP IL 6.25 GHz >2 Yes Simple; 30 nm wavelength tunability;
poor flatness; low OCNR

[38] VCSEL HNLF +
DCF + Modulator 5.2 GHz ~3 No Wide comb generation; complexity;

stability issues; low OCNR

[34] Parallel cascaded
FP + SOA 6.25 GHz >3 Yes

Wide comb generation; amplified
output power; 30 nm wavelength

tunability; complex

[37] Dual-drive MZM 9.5 GHz >1.5 Partially Simple; low drive voltage;
limited expansion

[38]
VCSEL + dual
mode injection

locking
2.5 GHz ~2 Yes Simple; limited expansion

This work
Mutual injection
locking + phase

modulator
6.25 GHz ~3 Yes Wide comb generation; simple; FSR

tunability from 390 MHz to 6.25 GHz

This article is organized as follows: In Section 2, the operational principle and ex-
perimental setup of the proposed architecture are presented. Section 3 describes the
experimental results: expansion, comb densification, following by detailed comb line
characterization. Finally, Section 4 outlines the conclusions.

2. Mutually Injection-Locked Gain-Switched Laser
2.1. Operational Principle

The operational principle of the proposed scheme is as shown in Figure 1a, and the
line graph is illustrated in Figure 1b–e. It comprises two expansion stages: (i) expanded
OFC generation via mutually injection-locked gain-switched (MIL-GS) lasers, (ii) further
expansion and comb densification. Two semiconductor-based single-mode lasers are
chosen as slave lasers and are gain-switched (GS) using a sinusoidal signal. The two GS
slave lasers are then injection-locked by a semiconductor-based tunable laser, acting as a
common master, as illustrated in Figure 1b. The master laser provides the frequency and
phase locking to both GS slave lasers, resulting in two OFCs emitting comb lines with a
high degree of phase correlation between them. The two MIL-GS OFCs are then combined
to generate a single broad OFC (Figure 1c). Subsequently, the combined MIL-GS OFCs
are passed through a phase modulator (PM) for further expansion. Here, the PM can be
operated in two modes: (a) expansion and (b) expansion and comb densification. Firstly,
the MIL-GS OFC is expanded by driving the PM with a large voltage (multiples of Vπ) RF
signal at the gain-switching (fundamental) frequency ( fs), as depicted in Figure 1d. Later,
the PM is driven with multiples of fundamental FSR (n × fs), but at the same drive voltage
as above. Secondly, in the comb densification mode (Figure 1e), the PM is driven with a
sinusoidal signal that is at a sub-harmonic of the fundamental frequency

(
fs
m

)
. This results
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in the generation of a comb with an FSR that is m-times smaller than the fundamental one,
thus realizing a simple comb densification. In other words, the FSR of the MIL-GS OFC
can be tuned from GHz to MHz, without the need to re-optimize the GSL. Additionally,
the average OFC power remains unchanged across the tuning range, thus overcoming the
reduction of comb output power for low FSRs [31].
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2.2. Experimental Setup

The experimental setup of the proposed MIL-GS OFC generation, expansion and
comb densification scheme is shown in Figure 2. Here, the components with polarization
maintaining fiber (PMF) and standard single mode fiber (SSMF) are indicated in brown
and gray lines, respectively. Two commercially available discrete mode (DM) lasers, from
Eblana Photonics [39] are chosen as the slave lasers. These are 250 µm long FP laser
diodes with a slotted ridge waveguide structure that constrains the lasing in a longitudinal
mode, with a side mode suppression ratio (SMSR) larger than 60 dB, as shown in Figure 3a.
The DM lasers are encased in TEC controlled 7 pin butterfly packages with a k-type RF
connector, to enable high-speed modulation, and without an optical isolator to allow
external light injection. They exhibit threshold currents (Ith) of 10 mA and a modulation
bandwidth of ~12 GHz, when biased at ~53 mA. At the same bias, slave laser 1 and
2 emits an average power of 6 dBm and 7 dBm, respectively. Gain switching is achieved
by applying an amplified sinusoidal signal (~24 dBm) in conjunction with the 53 mA
DC bias to both lasers. Subsequently, the temperature of the lasers is tuned to achieve a
partial overlap of their spectra (as shown in Figure 3b). Then, a narrow linewidth tunable
laser (Purephotonics PCL550, λinjection = 1549.8 nm, P = −3 dBm), acting as a common
master laser, is tuned to the overlapping wavelength region, split using a 50:50 splitter and
injected, via 3 port circulators (CIR 1 and 2) into the two GS lasers. It is worth noting that
the components used in the MIL-GS OFC generation scheme are pigtailed with polarization
maintaining fiber, which is aligned to the slow axis.

The two-phase correlated OFCs generated this way are then combined using a 50:50
coupler and passed through a 20 GHz PM (EOspace). A polarization controller is used at
the input of the PM to align the state of polarization of the input signal to that of PM. The
modulator exhibits a Vπ of ~4 V (at 6.25 GHz) and is driven at ~13.5 Vpp (corresponds to
3.3×Vπ) by a second RF source (both RF sources are synchronized with 100 MHz reference
signal). It is important to mention that the same RF source could be used for the OFC
generation and the phase modulation. The expansion and spectral flattening (shaping)
of the output comb are achieved by optimizing the synchronization between two arms
using an optical delay line (ODL) for one arm, while RF phase shifter for another arm.
In the expansion mode, the PM is driven at a frequency f = n· fs, with n = 1, 2 or 3, i.e.,
f = 6.25, 12.5, 18.75 GHz. Likewise, in the comb densification mode, the PM is driven
at subharmonics of the fundamental frequency resulting in OFC FSRs of 3.125

(
fs
2

)
,
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1.5625 GHz
(

fs
4

)
, 781.25 MHz

(
fs
8

)
, and 390.625 MHz

(
fs
16

)
. The optical spectrum is

recorded using a high resolution (20 MHz) optical spectrum and analyzer (OSA).
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3. Results and Discussion
3.1. Expanded OFC Generation Using MIL-GS Lasers

The continuous wave (CW) optical spectra of the two slave lasers, with an SMSR
>60 dB, is shown in Figure 3a. Figure 3b shows the overlapped spectra of the gain-
switched slave 1 (blue) and 2 (red) at an FSR of 6.25 GHz and the common master laser
at 1549.6 nm (black). The GS spectra in Figure 3b illustrate the absence of discernible
comb lines, indicating that there is no pulse-to-pulse phase coherence in the temporal
domain [40]. The external injection from the master laser locks the phase of the successive
pulses, resulting in the distinguishable comb lines, as depicted in Figure 3c. The generated
MIL-GS OFC 1 and 2 features 12 and 15 comb lines and exhibits an OCNR >50 dB (within
20 MHz OSA resolution). The larger number of comb tones in OFC 2 is due to the GS laser
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2 benefiting from an enhanced modulation response, as the injection wavelength is set to
the lower end of its GS spectrum [6]. As mentioned above, injection locking with a common
master laser ensures that both GS OFCs are phase and frequency synchronized. Thus, by
combining them, a single MIL-GS OFC, with 27 lines and a bandwidth of ~168.75 GHz is
generated, as illustrated in Figure 3d. In the following sub-sections, we experimentally
demonstrate further comb expansion and the concept of comb densification by employing
a phase modulator.

3.1.1. Comb Expansion

Figure 4a–c illustrates the phase modulator-induced comb expansion of the MIL-GS
OFC, when the PM is driven at the fundamental and multiples of the FSR (6.25, 12.5, and
18.75 GHz). When driven at the fundamental frequency, 35 comb lines (comb bandwidth
of 218.75 GHz) are generated, with the OCNR larger than 45 dB. The expansion factor is
~2.3 compared to the single EI-GS OFC (red spectrum, Figure 3c). The comb expansion
is limited by the maximum allowable drive amplitude of the PM used. Therefore, to
further increase the expansion, the PM is driven at multiples of fs with the same drive
voltage. The number of comb lines increases to 39 (comb bandwidth of ~243.75 GHz),
when the PM is driven at 2 fs = 12.5 GHz and 45 (~281.25 GHz bandwidth) when driven
at 3 fs = 18.75 GHz. It is worth noting that only the PM drive frequency is varied, while
all other conditions, such as slave laser bias, gain-switching parameters, and PM drive
amplitude remain unchanged. Table 2 summarizes and quantifies the OFC expansion
achieved. Overall, with the proposed MIL-GS OFC technique, the number of comb lines
is increased approximately 3 times, from 15, for individual EI-GS OFC, to 45 lines for the
expanded OFC.
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Table 2. Summary of the OFC expansion at FSR of 6.25 GHz.

OFC Type Number of Lines
(5 dB from Peak)

Comb
Bandwidth

Expansion
Factor

Individual GSL OFC 15 ~93.7 GHz –
Combined MIL-GSL OFC 27 ~168.75 GHz 1.8

MIL OFC + PM (at 6.25 GHz) 35 ~218.75 GHz 2.3
MIL OFC + PM (at 12.5 GHz) 39 ~243.75 GHz 2.6

MIL OFC + PM (at 18.75 GHz) 45 ~281.25 GHz 3

3.1.2. Comb Densification

In comb densification mode, the PM is driven at a sub-harmonic frequency of the
fundamental frequency fs

m , where m = 2, 4, 8, and 16. The resultant comb, with an FSR
of 3.125 GHz, 1.5625 GHz, 781.25 MHz, and 390.625 MHz, is as shown in Figure 5a–d
respectively. The insets within each of these figures show a magnified dotted region.
Figure 5 shows clearly resolved comb tones with an OCNR ranging from ~30–45 dB
(within 20 MHz OSA resolution) and a comb bandwidth ~180 GHz over the entire tuning
range. The average comb output power remains constant at ~9 dBm. In comb densification
mode, as illustrated by the spectra in Figure 5c,d, the spectral flatness is degraded. This
degradation is worse at the lower FSRs (~10 dB from spectral peak). Two important
parameters of the frequency-divided OFC are presented in Table 3. This demonstration
highlights the potential of a wide FSR tunability spanning from MHz to GHz with a
simplified approach and fast tuning speed. It is worth noting that the fundamental FSR
can also be tuned by varying the GS frequency to the slave lasers.
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Table 3. Summary of the MIL-GS OFC comb densification.

MIL-GSL OFC
FSR

OCNR
(Tone at ~1550 nm)

Number of Lines
(5 dB from Peak)

6.25 GHz 50 27
3.125 GHz 45 58

1.5625 GHz ~42 ~113
781.25 MHz ~38 ~214 (within 10 dB)

390.625 MHz ~33 ~453 (within 10 dB)

3.2. Comb Line Characterization
3.2.1. Phase Noise and Relative Intensity Noise

The phase noise characterization of the MIL-GS OFC lines is performed by measuring
the frequency-modulation (FM) noise spectrum using the modified delayed self-heterodyne
method [41]. Three different comb lines (right edge (R), middle (M), left edge (L)), as
marked by the arrow in Figure 4c (Lines filtered using an optical band pass filter (Yenista
Optics XTM-50) with a bandwidth of 6 GHz) and Figure 5a (Lines filtered using a semi-
conductor laser based active demultiplexer [42]) are filtered for phase noise analysis and
compared with the master. It is worth mentioning that the 3.125 GHz FSR comb lines are
filtered using a semiconductor-based active demultiplexer, which operates on the principle
of optical injection locking (OIL). The principle operation and detailed characterization of
such active demultiplexers are investigated in [42]. The FM noise spectrum S f ( f ), describes
the power spectral density of the instantaneous frequency fluctuation. The Lorentzian-
shaped optical linewidth (δf ) can be retrieved from the flat (white) FM-noise component
So, using the relationship δf = So·π

2 [41]. The frequency range of the measurement is set
to 1 GHz with a digital filter applied during the offline processing. The resultant FM
noise spectrum of a 6.25 GHz comb line and the master laser are illustrated in Figure 6a.
The optical linewidth of the master laser, and the middle (M), right (R) and left (L) comb
lines (as marked with arrows in Figure 4c) are measured as ~30, ~40, ~47, and ~45 kHz,
respectively. Furthermore, we measured optical linewidth of other comb lines (marked
in numbers, Figure 4c) and found to be between 40 to 47 kHz across the entire comb, as
illustrated in Figure 6c. The negligible fluctuation in the measured linewidth is due to the
injection locking conditions [6]. Finally, linewidths of the OFC with the FSR of 3.125 GHz
are measured to be ~42 kHz (middle), ~49 kHz (right), and ~47 kHz (left), as shown in
Figure 6b. The narrow optical linewidths in all the cases indicate the efficient transfer of
phase noise from the master laser to the expanded OFC.

Next, the random intensity fluctuations of the comb lines are evaluated by measuring
the relative intensity noise (RIN) [43] of the same individual comb lines, as marked in
Figures 4c and 5a. The RIN spectra are shown in Figure 7a,b for an FSR of 6.25 and
3.125 GHz, respectively. From the figure, one can observe that all the comb lines exhibit a
similar RIN profile, which is comparable with that of the master laser. The averaged RIN
(from DC to 6 GHz) for the 6.25 GHz and 3.125 GHz FSRs are measured to better than
−152 dB/Hz for all cases, which is slightly worse than the −157.2 dB/Hz measured RIN of
the master laser. The phase noise and RIN characterization results are presented in Table 4.
The results demonstrate the excellent phase and intensity noise properties of the generated
OFC, satisfying requirements of various applications.
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Table 4. Summary of the MIL-GSL OFC phase noise and RIN characterization.

Phase Noise RIN

6.25 GHz 3.125 GHz 6.25 GHZ 3.125 GHz

Master laser ~30 kHz ~30 kHz ~−157.2 dB/Hz ~−157.2 dB/Hz
Comb line (middle) ~40 kHz ~42 kHz ~−152.1 dB/Hz ~−152.8 dB/Hz

Comb line (right) ~47 kHz ~49 kHz ~−152.7 dB/Hz ~−152.5 dB/Hz
Comb line (left) ~45 kHz ~47 kHz ~−152.6 dB/Hz ~−152.5 dB/Hz

3.2.2. Phase Correlation

Finally, the phase correlation between the MIL-GS OFC lines is assessed by character-
izing the resultant RF beat tone of selected pairs of comb lines. Two consecutive 3.125 GHz
FSR comb lines are filtered and heterodyned on a 50 GHz photodetector to generate an
RF beat tone as shown in Figure 8a. The phase correlation between the two lines cancels
the optical phase noise, thus resulting in a generation of narrow beat tone with a 3 dB line
width of 33 Hz (ESA setting: VBW = 30 Hz; RBW = 30 Hz). A beat tone with a line width
of the order of tens of Hz reflects the phase property of RF source used for the OFC genera-
tion, thus proves a high degree of phase correlation between the comb lines. Subsequently,
the measurement is repeated for pairs of comb lines separated by multiples of FSR (up
to 40 GHz due to the limited bandwidth of the ESA). Consistently, a beat line width of
33 Hz is measured, as shown in Figure 8b for MIL-GS OFC with FSR of the 3.125 GHz and
6.25 GHz. The results prove a high degree of phase correlation is maintained even between
tones that originated from two different GS lasers (OFC 1 and 2).
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4. Conclusions

We have experimentally demonstrated a novel, highly flexible expansion scheme
using mutually injection-locked two gain-switched lasers. Moreover, by incorporating a
phase modulator with the proposed scheme, we showed that the number of comb lines
can be further expanded, by more than 3 times, while achieving an OCNR > 40 dB. In
addition, we also illustrated that, via comb densification, the FSR can easily be tuned
from 6.25 GHz to 390.625 MHz. Though the comb flatness is compromised, especially
operating at low FSRs (in MHzs). In the future work, phase modulator can be replaced
with dual-drive MZM modulator for better expansion and flatness. The detailed comb line
characterization report highlights the excellent spectral purity (narrow linewidth, low RIN,
high degree of phase correlation) of the OFC lines. The proposed scheme addresses one
of the main shortcomings of the EI-GSL technique, which is the limited number of comb
lines/comb bandwidth and provides a simple and effective technique to generate an OFC
with a tunable (from MHz to GHz) channel spacing. Finally, the entire architecture can be
photonically integrated, which would enable the realization of such a scheme at reduced
cost, size, and energy consumption. In summary, the proposed technique enables simple,
play a crucial role in the deployment of OFCs in a wide range of applications.
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