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A high side-mode suppression ratio external-cavity wavelength-swept laser
system with a wide mode-hopping free tuning range is developed. The
proposed wavelength-swept laser is based on a single-angled facet gain chip
in a classical Littman-Metcalf external-cavity configuration using a blazed
diffraction grating as the feedback element. The output power, side-mode
suppression ratio, and tunable range of the external-cavity wavelength-swept
laser system are experimentally measured. Wide mode-hopping-free continuous
wavelength tuning range about 100 nm in CL-band with a side-mode suppression
ratio of more than 65.64 dB are realized. An output optical power of more than
14.12 dBm over the entire tunable region can also be achieved. The proposed
external-cavity wavelength-swept laser system allows simultaneously high side-
mode suppression ratio and no mode-hopping tunable radiation, thus opening a
door for practical applications such as optical modulation schemes.
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1 Introduction

The highly controllable emission properties of wavelength-swept lasing sources are prior
selected semiconductor lasers for a vast array of applications in fields including high-
resolution spectroscopy [1,2], laser cooling [3], coherent optical orthogonal frequency
division multiplexing (CO-OFDM) modulation schemes [4], space strontium optical
clock [5–7], and optical frequency-domain reflectometry (OFDR) and so on [8–12].
Across these fields, the wavelength-swept lasing sources with higher side-mode
suppression ratios (SMSRs) and increased mode-hopping free (MHF) tuning ranges
continue to enable new applications. Therefore, it is critical to building a continuous
wavelength-swept laser system with high SMSR.

Several types of wavelength-swept lasers, such as external-cavity semiconductor lasers
(ECSLs), dye lasers, distributed Bragg reflector lasers, tunable solid-state lasers, vertical-
cavity surface-emitting lasers, distributed feedback lasers, and optical non-linear frequency
conversion-based lasers have been developed in the last 50 years [13–21]. Compared to other
types of wavelength-swept laser, ECSL has the prestigious characteristics of a large tuning
range, high signal-to-source spontaneous emission ratio, narrow linewidth, and low cost,
which is one of the most versatile measuring tools [22–24]. An external-cavity diode laser
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system with a maximum SMSR up to 50 dB at 1550 nm has been
demonstrated by K. Fedorova et al., with a 173 nm tunable range of
the proposed wavelength-swept laser system [25]. Using an
InGaAsP/InP multiple quantum well (MQW) gain chip, an
external-cavity diode laser configuration with a spectral range of
1320–1562 nm was achieved, where the SMSR covers the
17 dB–42 dB range [26]. Yuan et al. showed an extended-cavity
InAs/InP quantum-dot (QD) laser operating at pulsed injection
current with a maximum SMSR of around 20 dB, where the reported
wavelength-swept laser system had a tuning range of 190 nm [27]. A
high SMSR external-cavity laser scheme based on traditional
Littman design was demonstrated by Gong et al., with a
maximum MHF range of 78 GHz [28]. A narrow linewidth
external-cavity laser scheme was exhibited operating in C-band
(1528.77–1568.36 nm in vacuum) by Zhang et al., with an output
power of around 13 dBm and with a SMSR around 55 dB [29].
Another C/L-band wavelength-tunable external cavity laser was
demonstrated by K. Kasai et al., with a spectral range of
1530–1570 nm or 1570–1610 nm without mode hopping and
with a SMSR around 46 dB or 49 dB [30]. Recently, Wang et al.
fabricated an ultra-high SMSR ECSL with a wide tunable range
around 1550 nm, where a maximum wavelength tuning range of
209.9 nmwas obtained, and the SMSR reached 65 dB [31]. Although
many attempts focused on the widely tunable external-cavity laser
configuration, this may not be the critical issue in many practical
applications (typically in telecommunications) where the higher
SMSR and the continuous tuning characteristics with MHF need
to be paid more attention to.

In this work, based on an antireflection-coated single-angled facet
gain chip in a Littman-Metcalf external cavity, a high-SMSR
wavelength-swept laser with a CL-band (1520–1620 nm) MHF
tuning range is experimentally demonstrated. By adjusting the
length of the external cavity applied to the proposed configuration,
a single mode tuning range of 100 nm without mode-hopping is
obtained. The output power of the wavelength-swept laser is around
15.84 dBm with an injected current of 410 mA at the emitting

wavelength of 1550 nm, and output power of more than 14.12 dBm
over the entire tuning range is achieved. Meanwhile, the SMSR is more
than 65.64 dB through the tuning range. The advantage of this
proposed external-cavity wavelength-swept laser is that the lasing
wavelength can be tuned finely in a range of C-band and L-band
without mode-hoping, thus opening a door for practical application
such as coherent optical modulation schemes.

2 Configuration of the wavelength-
swept laser

A schematic drawing of the proposed wavelength-swept laser
setup is shown in Figure 1. The customized single-angled facet gain
chip is housed in a heat-sink with Peltier elements (or called
thermoelectric cooler) attached to it is coated with an anti-
reflection (0.005%) film on its angled facet and a reflectivity
(10%) film on its normal facet. The temperature and the
injection current of the single-angled facet gain chip are
controlled with a homemade laser diode driver. The running
temperature of the gain chip is typically stabilized at 25.0°C. The
cavity length of the gain chip is 900 μm. A molded aspherical lens
(NA = 0.55) with a focal length of 4.51 mm (Edmund, 87155) is
applied to collimate the output continuous wave (CW) light from
the gain chip. A gold-coated 900 grooves/mm blazed diffraction
grating (Newport Richardson, 33025FL01-155R), with an average
diffraction efficiency of 75%, is attached to the tilting face of the
homemade mount. The collimated output beam is incident on the
surface of the blazed diffraction grating. Depending on the incident
angle of the light coming from the gain chip, a particular wavelength
will be retroreflected from the gold-coated cavity mirror back into
the gain chip to form the resonator. Tuning of the resonating
wavelength is realized by rotating the gold-coated cavity mirror
driven by a piezoelectric stack actuator with respect to the incident
beam. The output of the lasing wavelength from the gain chip to the
fiber is collected using a molded aspherical lens, an isolator and a

FIGURE 1
Schematic drawing of the proposedwavelength-swept laser setup built in the Littman-Metcalf configuration. OPM, optical powermeter; OS, optical
switch; TEC, thermoelectric cooler; MAL, molded aspherical lens; PSA, piezoelectric stack actuator; OC, optical coupler; OSA, optical spectrum analyzer;
WM: wavelength meter; COL, collimator; ISO, isolator.
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single mode fiber pigtailed collimator, the coupling efficiency is
higher than 50%. To measure the output lasing parameters, the
output is picked out by an optical switch (OS) with low insertion
loss. One channel of the OS is directed to the 3-dB optical coupler
(OC), one port of the OC is directed into an optical spectrum
analyzer (Yokogawa, AQ6370D) with a resolution of 0.02 nm for
measuring the spectral changes, the other port is monitored by a
wavelength meter (Yokogawa, AQ6151B), which is adapted to
record the MHF traces over the entire tuning range. The other
channel of the OS is connected to the calibrated optical power meter
(Thorlabs, PM100D) to measure the output power of the lasing
wavelength. It is worth noting that the overall external-cavity length
from the gain chip output facet to the tuning mirror front facet is
around 50 mm. The corresponding longitude mode space of the
proposed wavelength-swept laser is equal to 23.1 pm (3 GHz)
operating at 1520 nm, which will decide the maximum MHF
tuning range theoretically.

3 Characterization and discussion

First, the typical P-I curves of the single-angled facet gain chip
with and without an external cavity (namely, free-running) are

measured and highlighted in Figures 2A, B, respectively. As can
be seen in Figure 2A, since the single-angled facet gain chip is coated
with the anti-reflection film, the maximum output power is around
0.14 mW at an injection current of 410 mA. The inset shown in
Figure 2A show the gain spectra of the free-running single angled
facet gain chip measured using the OSA with resolution of 0.02 nm.
The results show the central wavelength is around 1510 nm. When
the injection current is increased, the central wavelength slightly
decreases along with an obvious increase in the spectra power at two
edges of the gain spectra. In fact, by increasing the injection current,
the output power at the edges of the full tuning range
(1520 nm–1620 nm) of the external-cavity wavelength-swept laser
can also be obviously increased.

After introducing optical feedback to the gain chip, as shown in
Figure 2B, the threshold current of the proposed external-cavity
wavelength-swept laser is around 60 mA, and the slope efficiency is
about 0.11 mW/mA. Meanwhile, an output power of 15.84 dBm is
achieved with an injection current of around 410 mA which is
currently limited by the homemade laser diode driver. The
output power of the gain chip based external cavity laser is
274.3 times as large as the output power of the freely running
gain chip. The corresponding experimental result indicates that the
external-cavity wavelength-swept laser of the presented

FIGURE 2
(A) Optical output power versus the injection current for the free-running single angled facet gain chip. Inset: gain spectra of the gain chip at
different injection currents. (B) Measurement of the output power characteristics of the external-cavity wavelength-swept laser as a function of the
injection current operating 1550 nm at a fixed temperature of 25.0°C. (C) Threshold current of the proposed external-cavity wavelength-swept laser at
different lasing wavelength. (D) Measurement lasing frequency shift as a function of the injection current in the proposed external-cavity
configuration.
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configuration runs in a strong optical feedback condition and
completes optimum alignment.

The threshold current performance of the presented external-
cavity wavelength-swept laser system is characterized by measuring
the output optical power at different lasing wavelengths with the
same calibrated optical power meter. The results for the threshold
current as a function of lasing wavelength are plotted in Figure 2C,
demonstrating a maximum threshold current of 160 mA. It can be
seen that the threshold current of the proposed wavelength-swept
laser system decreases at an intermediate tuning range
(1560–1580 nm) and increases significantly when the lasing
wavelength is changed toward the short wavelength (1520 nm) or
long wavelength (1610 nm). Practically, except for the wavelength-
dependent loss (i.e., the diffraction efficiency of the grating) of the
cavity, this threshold current performance mainly comes from the
spectral gain properties of the single-angled facet gain chip. To
achieve a large range of wavelength tunable output, the working
current therefore should be set above the maximum threshold
current displayed in Figure 2C. Then, the effect of injection
current (more than the maximum threshold current) on the
tuning characteristics of the presented laser configuration output
frequency (wavelength) is investigated. The injection current is
increased from 250 mA to 420 mA with 10 mA/step. It can be

observed in Figure 2D that, as mentioned in other ECTLs [5,32,33],
the proposed external-cavity wavelength-swept laser also has a
mode-hopping free current interval. The lasing frequency as a
function of the injection current at a controlled laser temperature
of 25.0°C is shown in Figure 2D, where linear regression is
conducted to achieve the frequency tuning rate of the injection
current, respectively, the mode-hopping is observed at an injection
current of 300 mA–310, 330–340, and 390–400 mA. From this, the
frequency tuning rate of the injection current can be determined to
be approximately 0.0304 GHz/mA, 0.126 GHz/mA, 0.0368 GHz/
mA and 0.0376 GHz/mA, respectively. Therefore, it is critical to
choose a perfect working point to avoid this mode-hopping interval
when the external-cavity wavelength-swept laser is working.

Subsequently, the basic tunability of the proposed external-cavity
wavelength-swept laser system is characterized by an injection current
of 410 mA. Figure 3A shows the measured spectra of the wavelength-
swept laser. The resonance wavelength is increased from 1519.98 nm to
1619.98 nmwith about 10 nm/step. It can be seen in Figure 3A that the
tunable range is 100 nm. Meanwhile, as shown in Figure 3A, it is also
easy to find that the wavelength-swept laser operates in a single-mode
running state, and the SMSR is no less than 65.64 dB. The output power
of the proposed external-cavity laser configuration at different
resonance wavelengths is measured and the experimental results are

FIGURE 3
(A) The superimposed optical spectra at different lasing wavelengths. (B)Output power of the proposed external-cavity wavelength-swept laser. (C)
The relationship between the lasing wavelength and the physical length of the wavelength-swept laser cavity. (D) The mode-hopping free performance
of the proposed external-cavity wavelength-swept laser.
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depicted in Figure 3B. The output power of the external-cavity laser
configuration changes as the wavelength-swept laser is tuned. The
maximum output power is 16.26 dBm operating at 1582.07 nm, and
the minimum output power is 14.12 dBm operating at 1620.35 nm.
Obviously, the proposed external-cavity wavelength-swept laser system
exhibits an output power of more than 14.12 dBm over the entire
tunable range when the injected current is 410 mA. A plot of the lasing
wavelength as a function of the micro-step applied to the physical
length of the external cavity is shown in Figure 3C, where linear
regression is performed to obtain the MHF performance of the
external-cavity wavelength-swept laser. The physical length of the
external cavity is increased from 46.89 mm to 50 mm with
2048 micro-step (1.328 μm)/step. In fact, when the wavelength is
tuned, the external-cavity wavelength-swept laser will experience a
mode-hopping if the change of resonating wavelength decided by the
change of the physical length of the external cavity mismatch with the
change of wavelength decided by the first-order reflections from the
blazed diffraction grating. As shown in Figure 3C, it is believed that the
change in the physical length of the external cavity does match the
changing wavelength fed back into the single-angled facet gain chip, the
mode-hopping is suppressed as the external-cavity wavelength-swept
laser is continuously tuned over 100 nm. Similar experimental results
are obtained and highlighted in Figure 3D. The maximum change of

the adjacent wavelength subtracts (43.07 pm) is no more than two
mode spacing, which indicates an MHF tunable output is able to be
achieved [32].

The SMSR of the proposed external-cavity wavelength-swept
laser system at different lasing wavelengths is investigated and the
corresponding results are shown in Figure 4A. With the blazed
diffraction grating, the maximum output SMSR is around
71.26 dB operating at 1560 nm. Based on the classical grating
equation, a large incident angle (80°) is beneficial to improve the
blazed diffraction grating resolution. And the spontaneous
emission noise can be suppressed with a large incident angle.
Therefore, a higher SMSR can be obtained in the proposed
external-cavity wavelength-swept laser configuration.
Furthermore, a better SMSR is obtained at an intermediate
tuning range, which is results from the match between the
external-cavity lasing mode and the wavelength fed back to the
internal chip as the first-order reflections from the blazed
diffraction grating is rotated. However, in the longer lasing
region, the edge of the material gain will occur, which will
cause the growth in the spontaneous emission noise, meaning
that the SMSR will decrease. Note that the mode-hopping-free
tuning range is 1.69 times as large as the results in Ref. 33, while
the SMSR in the full tuning range stay at a high level.

FIGURE 4
(A) Plot of the side-mode suppression ratio (SMSR) shown as the blue circles as a function of the lasing wavelength. (B) and (C) Output power and
wavelength stability at wavelength 1558.352 nm with injection current of 410 mA, respectively. A variable optical attenuator is used to avoid the optical
damage of the optical wavelength meter and the power meter. (D) Linewidth performance of the proposed system measured using the traditional DSH
method with a total length of 24.5 km single-mode fiber and an 80 MHz fiber-coupled AOM. The injection current is 410 mA.
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After warmup of 30 min, we monitored the stability of the
wavelength and output power as shown Figures 4B, C,
respectively, the duration is 90 min with 5 min step. As shown in
the figure, the power deviation from the setting output power is less
than ±0.11 dB and the wavelength deviation from the setting
wavelength is less than 2.2 pm. The results show a good stability
of the proposed external-cavity wavelength-swept laser system.

The laser linewidth performance is shown in Figure 4D, which is
measured using the traditional delayed self-heterodyne (DSH)
arrangement with a total length of 24.5 km single-mode fiber
(Corning, SMF28e) and an 80 MHz fiber coupled acousto optic
modulator (AOM). The linewidth of the laser output is less than
110 kHz within the full tuning range, the minimum linewidth is
90 kHz at the wavelength of 1580 nm. The linewidth at the central
part of the full tuning range is narrower than the results in the two
edges, which is most likely due to larger diffraction angles induced
extra wavelength-dependent coupling loss at the edge of the full
tuning range. The linewidth performance is similar to the results
reported in Ref. [32].

4 Summary

In summary, a wide mode-hopping free external-cavity
wavelength-swept laser with a high side-mode suppression ratio
is designed, which is based on a traditional Littman-Metcalf
configuration. Meanwhile, the tuning characteristics and side-
mode suppression ratio of the proposed external-cavity diode
laser are investigated experimentally. The external-cavity
wavelength-swept laser can be continuously tuned over a range
of 100 nm in the CL-band, with a maximum side-mode suppression
ratio of 71.26 dB and an output optical power of more than
14.12 dBm. With the help of this designed external-cavity
wavelength-swept laser, it has the potential applications for
higher rate (e.g., 1 Tbit/s) coherent optical orthogonal frequency
division multiplexing schemes. Future work shall focus on the
optimization of the blazed grating diffraction efficiency to further
suppress the spontaneous emission noise.
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