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Widely tunable, low linewidth, and high power
laser source using an electro-optic comb and
injection-locked slave laser array

J. CONNOR SKEHAN, CORENTIN NAVEAU, JOCHEN SCHRODER, AND
PETER ANDREKSON’

Photonics Laboratory, Department of Microtechnology and Nanoscience, Chalmers University of

Technology, SE - 412 96 Gothenburg, Sweden
" Peter.Andrekson @ Chalmers.SE

Abstract: We propose and implement a tunable, high power and narrow linewidth laser source
based on a series of highly coherent tones from an electro-optic frequency comb and a set of 3
DFB slave lasers. We experimentally demonstrate approximately 1.25 THz (10 nm) of tuning
within the C-Band centered at 192.9 THz (1555 nm). The output power is approximately 100
mW (20 dBm), with a side band suppression ratio greater than 55 dB and a linewidth below 400
Hz across the full range of tunability. This approach is scalable and may be extended to cover a
significantly broader optical spectral range.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

A single-line, highly tunable, low linewidth, and high power source is highly desirable for
applications such as spectroscopy, interferometry, and metrology [1-4], as well in communications
[5-9]. They may also find uses as optical tweezers [10], for the detection of gravitational waves
[11], and more.

Approaches to achieve this end range from semiconductor distributed feedback lasers (DFB)
[12—15] and distributed Bragg reflector (DBR) lasers [16-20], to fiber-based ring lasers [1,21-26].
While these single frequency devices may produce high power and a low linewidth, unfortunately,
their tunability is typically low, on the order of a few nanometers. On the other hand, frequency
combs operate on a fixed grid and their power is distributed among many lines, which means that
the OSNR of each tone after amplification is typically very low.

To overcome these limitation, we have implemented a system based on a commercial high
coherence fiber laser, an electro-optic (EO) frequency comb, and an array of 3 commercially
available DFB slave lasers which are used for injection locking of individual comb teeth. The
result is a single frequency output which is tunable over nearly 1.25 THz within the C-Band (~10
nm), with approximately 100 mW of power, a side band suppression ratio of more than 55 dB,
and less than 400 Hz of linewidth over the source’s full range of tunability.

The underlying principle of the system begins with a low linewidth master laser which is
modulated to produce cascaded, equally spaced side-bands. These comb lines inherit the optical
properties of the source laser, but gain some additional phase noise due to the modulation. This
results in the derived spectral linewidth of each tone increasing linearly as a function of the tone’s
modulation index, N. A single tone is then selected using a programmable optical filter (POF)
and used for optical injection locking (OIL), a process in which a slave laser’s emission is seeded
by the injected optical field and overcomes the cavity’s own spontaneous emission to induce
lasing in accordance with the input optical field. The result is that the slave laser’s output ideally
follows the phase and frequency of the input field.

Since the frequency spacing of the EO comb’s teeth is equal to the RF driving frequency, then,
so long as the source laser is tunable over an optical bandwidth at least equal to the RF driving
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frequency, the full comb can be shifted to overlap any desired frequency within its bandwidth
by red or blue shifting the source frequency. Moreover, since the source laser’s tuning range
is greater than the frequency spacing of the EO comb, the achievable range may be extended
by shifting the full comb beyond its overlap limit. To further increase the achievable frequency
range, the approach may be upscaled via the use of additional slave lasers and the use of a broader
comb source.

2. Experimental details

The principle of operation is seen in Fig. 1(A), an NKT Koheras fiber laser is used to produce an
electro-optic frequency comb, after which a tone is selected using a programmable optical filter
and used as the master field for injection locking one of a set of subsequent Gooch and Housego
high power DFB slave laser. For simplicity, and to focus on principle of operation, several
required optical components are omitted from Fig. 1(A), such as the polarization controllers
required to align the injected field to the slave laser’s active layer, splitters which are used to
monitor power, etc.
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Fig. 1. A) The principle of operation, where a source is modulated to produce an EO Comb,
a tone is then selected using a programmable optical filter, and a slave laser is injection
locked to the selected tone. B) The generation of the optical frequency comb, using a fiber
laser as the source, an erbium doped fiber amplifier (EDFA), two phase modulators (PM),
one amplitude modulator (AM), some RF tone (in this case, a VCO), and two phase shifters.
C) A delay line interferometer. D) A master-slave interferometer.

For instance, as seen in Fig. 1(B), the comb is created by injecting the source laser into an
erbium doped fiber amplifier (EDFA) with a noise figure of approximately 4 dB for amplification
up to 30 dB, and subsequently into a series of phase modulators (PM) which modulate the source
to produce cascaded side-bands [27-32]. These side-bands are equally spaced from each other
in accordance with the driving frequency, and inherit the noise properties of the seed laser and
the RF source which modulates them. The breadth and shape of the produced optical spectra is
represented mathematically as a summation of Bessel functions of the 1% kind [27].

Aw) =40 ) JKV)EN§(@ ~ Nevy — we) (1)
N=—0c0

Here, A is the amplitude, J,, are Bessel functions of the 1% kind which act as the envelop function
which defines a comb of frequencies w = Nw,, + w. where N is the comb tooth index, w,, is the
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modulation frequency, w, is the carrier frequency, K is the modulation index, V) is the amplitude
of the modulating signal, and ¢ is the static phase noise induced by the voltage feed.

Importantly, the induced phase noise from the driving voltage grows linearly with tooth index,
N, as per the ¢/N% term in Eq. (1). This corresponds to a linear increase in linewidth as the
absolute tooth index increases, at a rate which depends on the phase noise of the RF source.

Next, this series of equally spaced frequency tones is injected into an Mach-Zehnder amplitude
modulator (AM) which flattens the spectra. Note that the AM is not strictly necessary and could
be omitted to extend the tuning range. However, its presence eases the characterization, hence
we employed it in this setup.

When the phase offset between the driving tones of the PMs and AMs is correctly aligned,
the result is a broad, flat-top EO comb which is sent into a programmable optical filter with a
spectral width of 10 GHz. This filter selects individual teeth from the comb, either to have their
linewidth measured or to act as a master for a subsequent slave laser.

Figure 1(C) shows the linewidth measurement system, which is based on the interference of
two partially coherent beams. The detection method uses an optimized fiber length of 2.7 km,
and electronically measures the peak and trough of the first interference peak, as well as the
frequency spacing to the first interference peak. From these data points, we can estimate the
linewidth of the laser with high accuracy, as has been previously demonstrated both theoretically
and experimentally [33,34]. We refer the reader to [33] for a detailed analysis of the method
used here. Our length of fiber delay line and choice of detector corresponds to an integration of
the phase noise from 75 kHz (as determined by the fiber delay line length) up to 125 MHz (the
receiver bandwidth). In all cases when measuring the linewidth, we keep the electrical spectrum
analyzer’s resolution bandwidth fixed at 200 Hz, and the video bandwidth fixed at 1 Hz. It’s
worth noting that the side lobe procedure used here assumes a white frequency noise laser source,
and that the minimum measurable linewidth is set by the intersection of the 1/f noise influence
and the noise floor influence on the measurement. In our case, the laser’s phase noise is still
frequency dependent over the integration bandwidths, and the minimum detectable linewidth
occurs at approximately 220 Hz for the central tone.

Figure 1(D) shows a master-slave interferometer. Here, the source is split in two, one arm
of which has its polarization modified to maximize interference with the opposite arm, and is
frequency offset using an acousto-optic modulator (AOM) to offset frequencies from base-band,
while the other arm passes through a circulator and into the slave laser, which in this case is
a DFB laser without any optical isolator. By interfering the two beams on a photodiode and
measuring the electrical output, we can verify that the slave laser cavity is locked to the master.

Figure 2 shows the fiber laser’s optical spectra as measured on an optical spectrum analyzer
(OSA) and its linewidth as measured using the linewidth characterization system described earlier,
over its full thermally tunable frequency range. We can tune over a 115 GHz bandwidth, which
corresponds to approximately 0.95 nm. The OSNR stays nearly constant at approximately 55 dB
(with 0.1 nm resolution). The linewidth varies between approximately 200 Hz and 250 Hz over
the tuning range. The double sided black arrow and dashed lines correspond to the frequency
of RF modulation (25 GHz), and therefore the FSR of the EO Comb. Since the fiber laser’s
tunability is at least equal to the free spectral range (FSR) of the EO comb, the output can be
tune to any frequency within the comb bandwidth by tuning the source laser and selection the
appropriate comb line. Moreover, because the source tunability is greater than the frequency
spacing of the comb (25 GHz), an additional 90 GHz of tunable range is added to the system via
tuning the source past the comb’s FSR.

Figure 3 shows a typical EO comb as created via modulation of the fiber laser, as well a comb
envelope simulated using Eq. (1), the available tuning frequency of the fiber laser the DFB slave
lasers (also seen in Table 1), and the power limit of stable injection locking. Here, the PM AM
phase offsets of the comb are optimized for a balance of bandwidth and flatness, and the DFB
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Fig. 2. The optical spectrum of the source fiber laser over its full range of thermal tunability,
as well as the linewidth measured at each frequency. Optical spectra were measured with an
OSA directly after the source with a resolution of 0.1 nm, and linewidth measurements were
taken as described in the main text. The double sided arrow and dashed lines indicates a 25
GHz wide band, corresponding to the frequency of RF modulation used for comb creation.
No amplification is present, and approximately 15 dB of loss is incurred before measurement.

slave lasers are tuned via a change in temperature. In general, for the injected beam to overcome
the amplified spontaneous emission (ASE) and seed the lasing process [35,36] to induce optical
injection locking, a variety of conditions must be met, related to the ratio of power in to fixed
output power, linewidth enhancement factor of the cavity, and cavity quality factor [37,38]. The
power of each tone in the comb is typically quite low resulting in limited use in real applications.
While e.g. an EDFA can be certainly used to reach a desired power, the OSNR will then be
(potentially unacceptably) low. In contrast, OIL acts simultaneously as an extremely narrowband
optical filter and amplifier, which is therefore useful when amplifying light with a very narrow
spectrum, such as the CW waves used here. Here, we fix all variables except the input power
to the cavity which we allow to change, and find that at approximately —30 dBm of power, the
injection locking is stable over a period of multiple days in the laboratory setting.
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Fig. 3. A typical 25 GHz EO frequency comb as produced using the method described
above in Fig. 1. Measurements were taken with an OSA tap directly after comb creation and
with a resolution of 0.1 nm. Also indicated is a theoretical spectral envelope as produced via
simulation using a noiseless RF clock at 25 GHz, V_‘j, = 10, and with the central driving
frequency of the fiber laser source at 192.9 THz, the stable injection locking limit of —30
dBm, the fiber laser tunability as seen in Fig. 2, and the available lasing frequencies for the
array of DFB slave lasers, whose exact limits are seen in Table 1.
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Table 1. The available temperature tuning of each slave laser
in the DFB laser array.

Min. Frequency | Max. Frequency | Frequency Range

Laser 1 192.330 THz 192.875 THz 0.545 THz
Laser 2 192.645 THz 193.215 THz 0.570 THz
Laser 3 193.150 THz 193.710 THz 0.560 THz

3. Results and discussion

As seen in Fig. 4, we begin by fully characterizing the linewidths of each unlocked comb tone
as a function of frequency and for two different types of RF modulation. In Fig. 4(A), a small
and relatively inexpensive voltage controlled osillator (VCO) is used, and in Fig. 4(B) a bulky,
but tunable low-noise RF synthesizer is used. All measurements were taken 15 times with a
minimum of —23.5 dBm on the photodiode to stay outside of the power-limited regime, and in all
cases the N = 0 tone consistently approaches a linewidth value near 275 Hz.

Two full sets of measurements were taken using a commercial VCO, and an absolute value
function is fit to the recovered data. On the first day we find a linewidth growth of approximately
606.1 Hz/THz, and two days later we find a linewidth growth of approximately 604.6 Hz/THz.
Both values are within the error of fitting. Alternatively, this can be approximated as a linewidth
growth of approximately 15 Hz/N. The data corresponding to the first day of operation is seen in
Fig. 4(A).

Figure 4(B) depicts similar data which corresponds to identical conditions except for a change
in RF clock. Here, instead of using a commercial VCO, we use a commercial low-noise RF
synthesizer. Predictably, the phase noise is lower, and therefore the linewidth increase as a
function of N is reduced. On the first day of measurement when using the RF synthesizer, and
for a 25 GHz comb, we found a linewidth growth of approximately 181.9 Hz/THz. Two days
later we find a value of 190.1 Hz/THz. Alternatively, this may be represented as a growth of
approximately 4.5 Hz/N. Data from the first day is pictured.

Next, as shown in Fig. 5(A), we individually lock every tone of the 25 GHz EO comb after
modulation with the RF synthesizer, and measure the linewidth of the injection locked slave laser
output for each N tone. As before, the central tone at 192.9 THz approaches 275 Hz, and the rate
of linewidth broadening is 168.2 Hz/THz, or approximately 4.5 Hz/N, which is similar to the
previously measured value in the unlocked case. In general we observe no significant degradation
of linewidth between the unlocked comb teeth in Fig. 4(B) and its individually injection-locked
tones as seen in Fig. 5(A), indicating that OIL does not add to the linewidth growth rate as a
function of N. Of note, the output power of the injection locked spectra is approximately invariant
to input power and input frequency, and is fixed at approximately 20 dBm (100 mW) across the
full breadth of the comb. This corresponds to a typical gain of 50 dB.

In Fig. 5(B), we see the output spectrum of the injection locked N = 20 tone as the central
N = 0 tone (the source laser) is tuned from approximately 192.95 THz to 192.85 THz, as
measured on the OSA at 0.01 nm resolution. For all injection locked tones measured, the output
power is nearly constant at approximately 20 dBm (100 mW), and the side band suppression
ratio is greater than 55 dB. Of note, the original linewidth of the unlocked slave lasers was on the
order of a few hundred kHz, while the measured linewidths after injection locking are on the
order of a few hundred Hz. We did not notice any change in the output spectrum between the
locked and unlocked state of the DFB lasers at this OSA resolution, indicating that there was little
to no degradation of the slave laser’s spectrum caused by e.g. ASE from the pre-comb EDFA in
the injection locking process.

Figure 6, shows the measured linewidth of 4 characteristic tones as a function of injection
power. At —30 dBm of power, injection locking is stable over a period of multiple days with no
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Fig. 4. A) Characterization of the unlocked 25 GHz EO comb when modulated using a
commercial VCO B) A Characterization of the unlocked 25 GHz EO Comb when modulated
using a commercial low-noise RF synthesizer. In all cases, 15 measurements were taken at
each frequency, and the error bars represent the standard deviation of these measurements.
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Fig. 5. A) Here, each tone of the EO comb has been injection locked to one laser in the DFB
array, with the source fiber laser for EO comb creation at 192.9 THz. Here, all tones with a
frequency less than 192.7 THz are locked to Laser 1, all tones above 193.1 THz are locked
to Laser 3, and any intermediate tones are locked to Laser 2. In all cases, 15 measurements
are taken at each frequency, and the error bars represent the standard deviation of these
measurements. Tones below 192.4 THz and above 193.4 THz were not measured due to
the instability of injection locking. For all tones, the injection locked power remains nearly
constant across the full spectrum, and 20 dBm (100 mW) of power. B) The output spectrum
of the injection locked slave laser, as measured using an OSA at 0.01 nm resolution, after
tuning the source fiber laser from 192.95 THz to 192.85 THz, in increments of approximately
10 GHz. Dashed lines indicate 25 GHz increments.

required feedback loops. Below this level, injection locking is only stable over a period of a few
hours, and below —40 dBm of input power, staying locked for a period of more than five minutes
proved difficult. This “slipping out of lock” is what causes the increase in measured linewidth at
low power. That said, no significant change in linewidth is observed when locked using between
—40 and —12.5 dBm of input power.
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Fig. 6. Linewidth versus input power curves for A)N = —16, B)N = —-8,C) N =8, and D) N
= 16 comb indices. In all cases, 15 measurements are taken at each frequency, and the error
bars represent the standard deviation of these measurements. Here, the dark grey horizontal
lines represent the unlocked linewidth, and the horizontal dashed lines represent the error
bars of the unlocked linewidth. The dashed black lines indicate the region of unstable OIL.
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To complete the investigation into the limits of injection locking, the N = O tone is selected
from the comb using a POF, incrementally attenuated, and subsequently amplified up to —30
dBm using an EDFA. The tone is then used as the master for OIL, and the injection locked tone’s
linewidth is measured. The resulting plot of input OSNR vs measured linewidth is seen in Fig. 7.
Stable optical injection with no observable penalty in linewidth requires approximately 30 dB
of OSNR for a fixed input power of —30 dBm [39], at which point the ASE acquired during
pre-amplification contributes to the injection locking of the DFB and corrupts the measured
linewidth. Even a significant decrease in input OSNR (down to 20 dB) only produces a small
increase in measured linewidth, on the order of a few hundred Hz. The use of an additional
EDFA in our system therefore permits injection locking with no discernible penalty in linewidth
of approximately 6 additional tones, which corresponds to an additional 150 GHz of black-box
output tunablity.
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Fig. 7. The measured linewidth of the slave laser as a function of injected OSNR after
attenuation and subsequent amplification, as measured on an OSA with 0.1 nm bandwidth,
after filtration, at a central pump frequency of 192.9 THz. Here, 10 measurements are taken
at each frequency, and the error bars represent the standard deviation of these measurements.
All measurements are taken well outside of the power-limited regime, and all optical spectra
were nearly identical to those pictured above.

4. Conclusion and future outlook

In conclusion, we have demonstrated a highly-tunable (~ 1.25 THz), high power (~100 mW),
high side band suppression ratio (> 55 dB), and low linewidth (< 400 Hz) single frequency laser
via the creation of an EO comb, selection of individual comb teeth via a POF, and subsequent
optical injection locking of these tones using a set of three DFB slave lasers.

Assuming a 25 GHz comb created using the RF synthesizer as above and a pump at the center
of the C-Band (193.725 THz, or 1547.5 nm) whose linewidth is approximately 275 Hz, the full
C-Band could be reached with less than 750 Hz of linewidth across its range. Alternatively, the
full C-Band could be reached with less than 1.5 kHz of linewidth across its full range using a
commercial VCO.

However, in our case the EO comb spectra fails to cover the full C-Band. In the future,
this problem may be remedied by up-scaling the system via the insertion of additional phase
modulators before the amplitude modulator during the process of comb-creation, via non-linear
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broadening of the comb in HNLF or photonic waveguides, or the use of multiple frequency
combs / source lasers (which may serve to even further reduce the highest observed linewidth in
such a system). Alternatively, it has been shown that stable injection locking down to —70 dBm
is possible with the use of phase-locked loops [40], although it should be noted that this adds
significant complexity to the system.

Finally, there may be interest in seeding the EO comb using a source which is even more
tunable or even lower in linewidth than the fiber laser used here, in increasing the modulation
frequency and thus FSR of the comb, in using a comb source other than an electro-optic comb
such as a dark soliton comb [41,42], or in replacing the DFB slave laser array with a single
Fabry-Perot type slave laser. All solutions may provide various benefits or drawbacks in terms of
achievable bandwidth, linewidth, price, complexity, and size. This work represents a first step in
the exploration of this parameter space, and an description the general approach.
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