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Dynamics of a semiconductor laser with frequency shifted
feedback
Yoann Noblet, Joshua P. Toomey and Deborah M. Kane
Department of Physics and Astronomy, Macquarie University, Sydney, Australia.
ABSTRACT
Dynamics of the output of a semiconductor laser with frequency-shifted optical feedback system is systematically
analyzed. Results from experimental studies using an 830 nm, QW, Fabry-Perot cavity, semiconductor laser are
reported. The dynamics are mapped as a function of the level of frequency shifted feedback (FSF) and the
injection current. The frequency shift of the optical feedback is the fundamental or a sub-harmonic of the
external cavity frequency in the experiments. Multi-GHz-bandwidth real time data collection and analysis is
used to investigate the temporal and spectral behaviour of the output power of the nonlinear system. The
results are contrasted with those from conventional semiconductor laser with optical feedback systems. Three
fundamentally diﬀerent regimes of operation are identiﬁed for the FSF system corresponding to low, medium and
high levels of FSF. The low and medium level FSF regimes are consistent with those found in the semiconductor
with conventional optical feedback system. It is only when high levels of FSF are used that the output gives a
noisy, near periodic output which is similar to the pulsed comb of mode output observed in analogous FSF laser
systems using solid state gain media when the FSF is resonant.
Keywords: Semiconductor Lasers, Frequency Shifted Feedback, Instabilities and Chaos

1. INTRODUCTION
The use of frequency shifted feedback (FSF), achieved using intra-cavity acousto-optic modulators, is one of the
standard tools in laser design to target tailored spectral and temporal laser outputs. In common with all the
tools in this toolbox, the tailoring outcomes are diverse. They depend on the speciﬁc laser gain medium, the
interplay of various nonlinearities in the system, the cavity geometry and elements, and, the various sources of
technical and fundamental noise. Early reports described the generation of short pulses in a dye laser system.1, 2
Here the repetition frequency of the pulses was that of the round trip frequency shift (FS) for the ﬁrst order of
diﬀraction beam of the AOM which was in turn matched to the longitudinal mode-spacing of the laser cavity.1, 2
This is a case of a FSF-based mode-locked laser. Broadband modeless operation from dye lasers has also been
demonstrated when the roundtrip frequency shift of the ﬁrst order beam from the AOM does not match that
of the laser cavity.3, 4 If a single frequency seed laser is injected into such a broadband FSF laser system a
comb of modes spaced by the laser cavity roundtrip frequency shift is generated.5 Several solid state laser based
optical frequency comb lasers have been reported starting with one based on Nd:YLF which generated a comb
of modes with a bandwidth of 140 GHz.6 This is essentially the full gain bandwidth of the 1.047 µm lasing
transition in Nd:YLF. Fiber laser based FSF systems have been reported, such as a short pulsed Er:ﬁber laser
at 1.55 µm7 and multi-frequency lasers for telecommunications applications.8, 9 Reference 7 also gives a useful
overview of FSF lasers up to the year 2000. The gain bandwidth when the host is glass, rather than a crystal of
YAG or YLF, is signiﬁcantly increased. Typically by a factor of order ten. The bandwidth of the comb of modes
or modeless output that can be generated has the gain bandwidth as its upper limit. The pulse duration of
mode-locked pulses decreases as the reciprocal of the FSF bandwidth. The potential to generate sub-picosecond
pulses from FSF systems exists but in many of the demonstrated systems it has been necessary to reduce the gain
bandwidth using intracavity frequency selective elements to achieve identiﬁable FSF laser outputs. A titanium
sapphire FSF laser has shown a range of diﬀerent dynamical regimes with increasing pump power.10 Starting at
low pump powers it operated cw then transitioned through sustained spiking, low frequency pulsation on a cw
baseline, high frequency pulsations with a zero baseline, and ﬁnally to cw output again at high pump powers.
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Much of this behavior has been predicted by a model,11 applied to simulations for Ti:sapphire, Nd:YAG, Nd:YLF
and Nd:YVO4 gain media used in the FSF system. The theoretical models that capture much of the complex
behavior that has been seen in FSF laser systems show they can be complex nonlinear laser systems. More
careful study of the cw, broadband, modeless FSF output12–14 has shown that with appropriately chosen laser
parameters the output is a chirped comb of modes spaced by the round trip FS. There has been considerable
eﬀort to demonstrate accurate ranging using FSF lasers operating in this chirped comb of modes regime. The
high brightness, broadband output that can be generated from FSF lasers is also of interest in applications such
as imaging and optical pumping.15
The gain in semiconductor lasers is suﬃciently diﬀerent than that in many other laser systems that it is to be
expected the spectral and temporal output of a semiconductor-laser-based FSF laser will be diﬀerentiated from
that in other FSF laser systems. The ﬁrst study of a FSF diode laser system16 demonstrated an FSF broadband
output with a controllable bandwidth of up to 5 GHz, while the laser output remained single longitudinal mode,
using both near infrared and red Fabry-Perot cavity semiconductor lasers. Subsequent research demonstrated
similar results using semiconductor lasers with low reﬂectance facets for the internal semiconductor laser facets of
the external cavity laser system.17 The expectation that broader FSF bandwidth would be achieved before multilongitudinal mode operation commenced was not met in the experiments. The maximum diﬀraction eﬃciency
achieved with the AOM meant at most 12% of the emitted light could be fedback to the semiconductor laser in
the ﬁrst order diﬀracted beam. The coupling eﬃciency of this light is typically 20-30% for the laser system used.
Use of a DFB laser would also be expected to maintain single longitudinal mode output to higher FSF feedback
levels but even using a DFB laser gave FSF bandwidths of a few hundred MHz.18 This work also contrasted
conventional feedback and FSF, and noted the suppression of phase dependent linewidth variation of the lasing
mode using FSF. Measurements of the RMS noise level, of the photodetected output power, as a function of
feedback level, indicated that a transition to the coherence collapse dynamical regime occurred in both systems.
This regime of operation had been well documented in the sequence of regimes observed for a semiconductor
laser with optical feedback from an external mirror.19 In the FSF system the transition was not the expected
discontinuous switch at a single feedback level. The transition was more gradual. However, the increase in noise
level was about 20 dBm/Hz in both cases. This research suggests that FSF does not dominant nor signiﬁcantly
modify the usual coherence collapse nonlinear dynamic that occurs in these systems and which is predicted
reasonably well by the Lang-Kobayashi rate equation model.20 Other FSF laser system studies of relevance
include an analytical model of the comb of modes generated by the system21 and a FSF DFB semiconductor
laser based system demonstrated for accurate optical frequency domain ranging.22
In the study of the nonlinear dynamics of a semiconductor laser with conventional optical feedback systems,
recent work has generated a series of dynamical maps, including a map of a complexity measure, the permutation
entropy.23 These maps rely on the multi-GHz bandwidth real time digital oscilloscopes that are now available,
and Labview controlled experiments that can collect tens of thousands of time series, as laser parameters are
varied, in experiment run times that are measured in hours. These maps for conventional optical feedback
provide the necessary information to allow the diﬀerence between conventional optical feedback and FSF to be
completed once a similarly comprehensive set of maps is generated for an FSF system. The research reported
here-in is the ﬁrst stage of this process. Near resonant FSF is used which has the potential to generate pulsed
output from the system. The nature of the nonlinear gain and group velocity dispersion in semiconductor lasers
is such that poor mode-locking usually results if any mode-locking occurs at all. The non-resonant case has also
been studied but the results have yet to be analyzed and they are not reported here.

2. EXPERIMENTAL SETUP
A schematic diagram of the experimental setup is illustrated in Fig. 1. A quantum well, edge-emitting, FabryPerot cavity, laser diode emitting at 830 nm (APL 830-40) is temperature controlled to 0.01 K and driven by an
ultra-low noise current source (Proﬁle ITC-510). An output power of 12 mW was obtained with a bias current
of 70 mA. The output power versus injection current (LI) characteristic for the free running laser is included
in Fig. 2. An aspheric lens (L1) is used to collimate the output beam of the laser. A small beam divergence
of order 2 mrad remains. Frequency shifted feedback is obtained using an acousto-optic modulator (Gooch and
Housego R23080-2-.85-LTD, AOM) placed inside the external cavity. The AOM is driven by a nominally 80 MHz
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RF generator and a 79.6 MHz frequency shift occurs in the ﬁrst order diﬀracted light on each pass through the
AOM. Optical feedback is provided by an external cavity mirror (M) mounted on a translation stage. The latter
allows the external cavity length to be adjusted to a precision of 0.1 µm.
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Figure 1. Experimental setup. M: Mirror, L1-L4: Aspheric Lenses, BS1-BS3: Beamsplitters, AOM: Acousto Optic
Modulator, OI: Optical Isolator, PD: Photodetector, PMT: Photomultiplier Tube, OSA: Optical Spectrum Analyzer,
FPI: Fabry-Perot Interferometer.

A 50/50 beamsplitter (BS1) inside the cavity is used to couple light out for distribution to the diagnostic
equipment. An optical isolator (OI) is used in order to prevent reﬂections from the detection system returning
into the external cavity. A second 50/50 beamsplitter (BS2) is used to couple half of the laser output onto an
ultra-fast detector (Alphalas UPD-40-VSI-P 8 GHz bandwidth, PD). A 20 gigasample per second sampling rate
digital oscilloscope with 4 GHz bandwidth (Agilent Inﬁniium 54854A DSO) was used to capture the output
power time-series. A minimum of 20 000 points (1 µs) are sampled for each data point to allow complexity
analysis to be completed. The remaining light is then split by a beamsplitter (BS3). One beam is coupled to
a multimode ﬁber connected to an optical spectrum analyzer (Anritsu MS9710C, OSA), with a resolution of
0.07 nm. The second beam goes into a Fabry-Perot interferometer (Burleigh RC-110, FPI). The FPI is actively
scanned and its cavity length can be adjusted to cover a free spectral range (FSR) from 1 GHz to 1.5 THz. The
output from the FPI is measured by a photomultiplier tube (Hamamatsu R636-10, PMT).
The external cavity was set such that it matched a multiple of the AOM roundtrip frequency, i.e. 159.2 MHz,
318.4 MHz, 477.6 MHz or 636.8 MHz. The shortest cavity of 636.8 MHz was technically possible but the angular
separation between the zeroth and ﬁrst orders beams from the AOM was not large enough to ensure that the
ﬁrst order was completely coupled back into the laser without any overlap with the zeroth order. Results for a
cavity length corresponding to a roundtrip frequency of 318.4 MHz will be reported here. This case deﬁnitely
satisﬁes the complete separation of the beams from the AOM.
The resonance condition of the external cavity was established by looking at the autocorrelation function
of the output power time-series of the system. For high levels of FSF the autocorrelation function, calculated
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using the mathematical functions of the oscilloscope, shows strong, sharp peaks located at the external cavity
frequency. The location of the peaks can be determined with a precision of 100 kHz. Thus it is possible to adjust
the cavity length to match the AOM roundtrip frequency of 318.4 MHz to a precision of 100 kHz. The AOM
roundtrip frequency is determined using the same method except that the AOM features appear for low level
of feedback. It has been found that the autocorrelation function of the AOM for low feedback level exhibits a
peak located at 318.4 MHz. This peak is always located at the same frequency regardless of the cavity length.
Therefore the cavity length can be adjusted so that both features, from the AOM and the external cavity, overlap
within 100 kHz.
Optical alignment of the laser system is achieved using the threshold minimization method. The external
cavity mirror is aligned until a minimum threshold current is obtained. For optimized maximum feedback, laser
threshold occurs between 33 mA and 34 mA.
The instrumentation is controlled via a computer through the software Labview. This automated computation
system allows us to capture 1001 diﬀerent FSF levels for each injection current in less than 60 minutes. The
output power time-series, OSA data, and FPI spectra are all captured at the same time for each FSF level at
every injection current.

3. RESULTS AND DISCUSSION
3.1 Preliminary FSF Laser Characterization
When the laser diode was operated at 70 mA at a temperature of 25.0 ◦ C the operating wavelength of the free
running laser was measured as 830.8 nm using the OSA. Fig. 2 shows the LI curves at 25.0 ◦ C with maximum
FSF (solid line) and free running (dashed line) with a bias current resolution of 0.2 mA. The threshold has
dropped from 57.2 mA to 33.4 mA with FSF, resulting in a reduction of 23.8 mA. When FSF was applied the
lasing builds up from the frequency shifting light ﬁeld, not from the spontaneous emission. The sharp threshold
current transition observed with FSF as compared to the gradual transition from LED operation to lasing when
the laser is free running indicates the FSF laser is behaving as expected as it has been observed in other FSF
laser systems with diﬀerent gain media.
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Figure 2. LI curves for the FSF laser (with maximum FSF) (solid line) and the free running laser (dashed line). The laser
was operated at 25 ◦ C and current steps of 0.2 mA were used.

The scanning Fabry-Perot interferometer was set to have a free spectral range of 7.7 ± 0.3 GHz and a ﬁnesse
of 70 ± 5 was measured. A tunable laser with a resolution of 0.02 nm was used to calibrate the Fabry-Perot
cavity to a precision of 300 MHz. The full width at half maximum of the transmission fringes was then 110 MHz
meaning the 160 MHz features associated with the roundtrip FSF were resolvable, if they were present.
The optical frequency spectrum of the output of the system was measured for the free running laser and
with frequency shifted feedback. The eﬀect of FSF on the spectral bandwidth of the laser is illustrated in
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Figure 3. Optical frequency spectra obtained with the scanning Fabry-Perot interferometer for the free running laser (a)
and for the FSF laser with maximum FSF (b). The injection current was 70 mA.

Fig. 3. The full width half maximum (FWHM) of the free running laser is less than 110 MHz, the instrument
linewidth, at 70 mA Fig. 3(a). With maximum FSF applied, Fig. 3(b), the FWHM increases to 2.92 GHz and
has an approximately Gaussian shape as observed in other FSF laser systems. The FSF laser optical frequency
spectrum is expected to show features spaced by 160 MHz if the laser has a pulsed output. Fig. 3(b) does not
show such features. The output is consistent with a broad band modeless output, or a chirped comb of frequencies
that are not resolved due to the slow scanning rate of the Fabry-Perot compared to the frequency-shift rate of the
intracavity light ﬁeld. But this interpretation of Fig. 3(b) may also need to be modiﬁed because at this FSF level
the laser is not emitting on a single longitudinal mode. Fig. 4 shows the optical wavelength spectra measured by
the OSA. The free running laser at 830.8 nm shows a single longitudinal mode, with at least 25 dB of suppression
for the neighbouring modes, at an injection current of 70.0 mA Fig. 4(a). Fig. 4(b) shows 3 modes with less than
25 dB of side mode suppression relative to the main mode. This means that overlap of FSF broadened features
associated with these multiple longitudinal modes may be increasing the apparent laser bandwidth in Fig. 3(b).
The slight modulations in the spectral envelope also indicate this. One can also notice that FSF shifts the centre
of the optical wavelength spectrum to longer wavelengths Fig. 4(b).
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Figure 4. Optical spectra obtained with the optical spectrum analyzer for the free running laser (a) and for the FSF laser
with maximum FSF (b). The injection current was 70 mA.
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3.2 Time series characterization
For a given injection current a fast fourier transform (FFT) was performed on each of the output power timeseries for every feedback level. The AOM voltage controls the FSF level, i.e. the transmission of the ﬁrst order
beam, and ranges from 0 V to 1 V, with 1 V corresponding to maximum FSF. For each injection current a total
of 1001 time-series have been captured which corresponds to a resolution of 0.001 V. The FFTs are then used to
produce a color map of the RF spectra as a function of FSF as illustrated in Fig. 5(a) for low levels of FSF. Color
maps depicting the root-mean-square (RMS) amplitude of the time-series as a function of FSF have also been
produced in order to show how the system dynamics evolve. Fig. 5(b) shows the RMS amplitude of the output
power time-series of the system for low FSF, below 15%. In Fig. 5(a), a strong peak is located at 318.4 MHz
and one can observe that the FWHM of the peak increases with increasing FSF. This peak only appears around
0.25 V, which correponds to a FSF level of 0.4%, and above. Below this level any eﬀect of FSF is too small to
be resolved by the experiment. The RMS map shown in Fig. 5(b) indicates that the dynamics of the system are
not aﬀected by low level of FSF, although the system seems a little more stable for high injection currents and
very low FSF levels, below 0.34 V which corresponds to 4%. The system operates cw for this FSF range.
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Figure 5. (a) 2D map of the FFTs of the output power time-series for increasing FSF. The injection current was 70 mA.
(b) 2D map of the RMS amplitude of the output power time-series for increasing FSF and injection current. FSF level
was ranging from 0.13% to 15%.

This low FSF regime, i.e. below 15%, is comparable with previous work done in Ref. 17. The authors reported
the generation of modes spaced by the frequency shift of the AOM. The broadening of these modes has also
been observed for low level of feedback, below 12%. Willis and coauthors presented their work with the help of
optical spectra recorded from a FPI. A direct comparison with the RF noise spectra in Fig. 5(a) is not possible
with those results. However Fig. 6 shows the optical spectrum taken with the FPI with a FSF of 1.5% at 70 mA.
Optical spectra of the system are only available up to this FSF level because above this level the laser is not
operating on a single longitudinal mode as discussed in Sec. 3.1. A FWHM of 130 MHz with a FSF of 1.5% at
70 mA has been measured as seen in Fig. 6. In Ref. 17 the authors observed a broadening of a few GHz for
similar FSF levels which brings us to think that the devices they used, despite being diﬀerent, were more stable
and could be driven at much higher FSF levels without operating on several longitudinal modes.
Beyond a FSF level of 15% the system behaves diﬀerently as illustrated in Fig. 7. This range covers medium
FSF levels from 15% up to 57%. The strong peak located at 318.4 MHz in Fig. 5(a) has been replaced by
a broad, low amplitude peak still centered around 318.4 MHz, Fig. 7(a). The RMS amplitude map shown in
Fig. 7(b) shows some instabilities in the system. One can observe a region, depicted in red, where the RMS
amplitude is high. This region is located between 0.48 V and 0.56 V, respectively corresponding to 31% and
57%, and covers a broad range, 60-90 mA, of injection currents. This behaviour is the well known coherence
collapse and has been observed in many laser systems with conventional optical feedback.19 Recent studies have
investigated the complexity of the output in this regime and the system more completely.23, 24 To check the
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Figure 6. Optical spectrum obtained with the scanning FPI for the FSF laser with an FSF level of 1.5%. The injection
current was 70 mA.

similarities between the FSF and optical feedback systems a RMS map of the zeroth order feedback has been
generated using the same setup. As reported by Toomey and coauthors the system shows high RMS amplitude
for a range of feedback levels and a broad range of injection current, typically from 60-90 mA with feedback
levels between 5% and 30% consistent with coherence collapse. Beyond 30% the system becomes cw and stable
over the whole range of injection currents investigated. This is also the case in Ref. 23, 24 where the stabilizing
eﬀect for very high feedback levels is observed over a large range of injection currents.
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Figure 7. (a) 2D map of the FFTs of the time-series for increasing FSF. The injection current was 70 mA. (b) RMS
amplitude of the output power time-series for increasing FSF and injection current. FSF level was ranging from 15% to
57%.

The FSF system behaves in a diﬀerent manner to the conventional optical feedback system after a FSF level
of 57% has been reached. Sharper features than in Fig. 7(a) are located around 318.4 MHz as shown in Fig. 8(a).
Their amplitude is not as high as in Fig. 5(a) but their bandwidth and location indicate that they are associated
with the external cavity roundtrip frequency. Other peaks located at multiples of the roundtrip frequency of
the external cavity are also observed in our system, similar to that reported in Ref. 23, 24. Those peaks are the
sharpest at 1273.6 MHz (four times the external cavity frequency) and become less prominent thereafter. In
Fig. 8(b) the RMS amplitude shows two distinct regions. The ﬁrst region is associated with very high feedback
and injection current, darkest blue color in the map, and is known as regime V. This region is also observed
in Ref. 23, 24 and was previously described as the stable region. Although, in our experiment, in this region
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the laser is strongly emitting on several longitudinal modes similarly to Fig. 4(b). This behaviour has not been
associated with regime V in Ref. 23, 24. The second region seen in Fig. 8(b) is depicted in light blue and yellow
in the color map and within this region, which covers a broad range of both feedback and injection current, the
system becomes more periodic. This periodicity in the output power time-series is analogous to the pulsed comb
of mode output observed in some FSF laser systems12–14 but timing jitter and noise level mean that it can not
be called mode-locked. This regime is associated with a reduction of multiple longitudinal modes emitting at
the same time as illustrated in Fig. 4(b). In this region the laser is at most lasing on two longitudinal modes
and becomes single mode in the lightest blue region band surrounded by the yellow region near threshold. This
region also corresponds to the most periodic region of the entire map. It appears that the behaviour, in this FSF
system, that is dominated by the FSF is only observed at low and high levels of feedback power.
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Figure 8. (a) 2D map of the FFTs of the time-series for increasing FSF. The injection current was 70 mA. (b) RMS
amplitude of the output power time-series for increasing FSF and injection current. FSF level was ranging from 57% to
100%.

4. CONCLUSION
Experimental output time-series measurements have been used to create 2D maps of RF spectra and RMS
amplitude as function of FSF for a semiconductor laser external cavity system. These maps have been used to
identify regions of instabilities exhibited by this FSF laser system.
For low level of FSF, i.e. up to 15%, the system shows characteristics similar to observations in earlier work.17
Despite the fact that the laser used here has less side mode suppression, it is clear that the system shares the
same features. A linewidth broadening of a few hundred MHz for a FSF level of 1.5% has been observed as well
as a good stability of the system for low FSF levels over the entire range of injection current studied. Further
increase of FSF causes the RF peak to broaden. In this region the system becomes chaotic for a broad range
of FSF levels and injection currents. The FSF laser system behaves in a similar way to conventional optical
feedback systems, showing a region of high instability known as the coherence collapse regime. Very high levels
of FSF cause the system to be either stable or periodic depending on the parameters. For high FSF levels and
high injection current the laser becomes stable with a tendency to be emitting on several longitudinal modes.
However for high FSF levels, close to threshold, the laser becomes more periodic and is strongly single mode. It is
this regime that should be targeted for further study and applications. Comparison with non-resonant frequency
shifts is the immediate study being completed.
No evidence of clean pulsed output has been reported here but the fact that the system shows more periodic
output power time-series for high FSF levels may suggest that there is a possibility to observe such a behaviour
if the system could be driven with a higher FSF level or the eﬀective gain bandwidth of the laser cavity could
be reduced. This could be achieved by replacing the 50/50 beamsplitter inside the external cavity by a 70/30
beamsplitter and using frequency selective elements such as a grating.
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