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Abstract: In this paper, two-color lasing emission is experimentally demonstrated by
employing a multimode Fabry-Pérot laser diode (MMFP-LD) associated with external cavity
of two tunable filters and an erbium-doped fiber amplification (EDFA), whose difference
frequency is quasi-continuously tunable from several hundred GHz to more than 2 THz. The
obtained side-mode suppression ratio (SMSR) in the output spectrum is around �20 dB,
and the modulation depth of simulated beat signal converted by two emission modes rapidly
decayed as increasing the frequency separation. In addition, optical behaviors induced by
mode competition and four-wave mixing are observed and discussed, while the difference
frequency was shortened to GHz regime.

Index Terms: Fabry-Pérot laser diode (FP-LD), external cavity, two-color lasing emission,
mode competition and four-wave mixing.

1. Introduction
Two-color (dual-mode) lasing system as a subject of growing interest has been attracting much
attention and extensive research owing to its potential applications suchas terahertz generation [1]–[4],
optical memory [5], [6], and switching [7]. To date, many techniques have been already proposed and
demonstrated for realizing two-color lasing operation based on semiconductor laserwith external cavity
configuration, in which various gratings were usually adopted to select special feedback wavelength
that can effectively cause the corresponding laser mode to oscillate in the active region of laser diode
[8]–[12]. Of course, these presented schemes should have their distinct advantages and limitations for
generating two-color laser. In various lasing system, the Fabry-Pérot laser diode (FP-LD) has,
undoubtedly, attracted substantial attention and research in laser technology owing to its rich nonlinear,
simple configuration, and low cost. In addition, it should be pointed out that the injection locking
behavior occurred in the lasing spectrum is a basic physical mechanism for active region of FP-LD [13],
[14] with the result that FP-LD-based optical functions induced by the injection locking have been
proposed and demonstrated in some potential applications including format transformation [15],
photonic generation of millimeter-wave and microwave signal [16], [17], wavelength conversion [18],
chaos [19], and logic gate [20].
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In reality, it is well known that the FP-LD with an external cavity feedback based optical setup is a
special configuration to realize laser output [21], which was experimentally demonstrated to achieve
single-mode operation with tunable emission wavelength in recent report [22]. Certainly, it is also
very significant to demonstrate and discuss the two-color lasing output with various difference
frequencies by using the FP-LD-based apparatus. Owing to the excitation of the referred interesting
subject, in this paper, we timely present a two-color lasing system, consisting of a common
multimode FP-LD (MMFP-LD) and external cavity feedback configuration incorporating two tunable
filters (TFs) and an erbium-doped fiber amplification (EDFA), to generate two-color lasing emission
with various difference frequencies that can be quasi-continuously tuned from several hundred GHz
to THz by judiciously adjusting the filtered wavelength of TF. The side-mode suppression ratio
(SMSR) for outcome two-color lasing spectrum is around 20 dB by means of proper feedback
wavelength. In contrast with other demonstrated two-color laser techniques, the MMFP-LD-based
architecture proposed in this paper has some prominent advantages including stable output power,
wide tunable range, low power consumption, and operation flexibility, which make this laser to have
strong competition ability compared to other techniques in optical applications. In addition, some
optical phenomena caused by strong mode competition and four-wave mixing are further observed
and discussed in this investigation, while the separation between two oscillation modes is very
close. The direct results are that, despite two feedback wavelengths for laser chip, only single-mode
laser emitted can be observed due to the mode competition. The power levels of other lasing modes
may be little enhanced resulting from four-wave mixing induced by two feedback wavelengths with
the result that the corresponding SMSR obviously decayed. Therefore, through this research,
another two-color lasing system based on the MMFP-LD associated with external feedback is
presented and experimentally demonstrated so that it is positive to develop a variety of applications
for FP-LD-based optoelectronics device.

2. Experimental Setup
Fig. 1 shows the experimental setup of the proposed two-color lasing emission, comprised of an
MMFP-LD, a circulator, three 50:50 fiber couplers, two TFs and an EDFA. After the outputted optical
spectrum from MMFP-LD orderly passes through the circulator and fiber coupler C1, its property can
be seen in the optical spectrum analyzer (OSA), in which only half of the total energy from circulator is
captured. On the other hand, the correspondingly remained energy as an optical feedback will enter
the external cavity through the coupler C2. Within the external cavity, both TF1 and TF2 can be
continuously tuned in a widewavelength range to select special feedbackwavelength, whereas in the

Fig. 1. Experimental setup for two-color lasing system with tunable difference frequency. (MMFP-LD:
multimode Fabry-Pérot laser diode, EDFA: erbium-doped fiber amplification, TF: tunable filter, C: 50:50 fiber
coupler, OSA: optical spectrum analyzer).
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experiment, the output wavelength of TF1 is fixed at the central mode peak of free-running spectrum
outputted by the MMFP-LD, and the TF2 is continuously tuned to proper wavelength for obtaining
different difference frequency between two outcome oscillation modes. In addition, it is well known
that the power level of other lasing mode is lower than that of central mode with the result that the
output power from the TF2 should be firstly enhanced by the EDFA before entering the filter TF2 so as
to successfully realize two-color oscillation. Finally, two feedbackwavelengths filtered by TF1 and TF2

are combined by the coupler C3, which are again introduced into laser chip through the circulator. As a
result, the laser system will gradually locked at two lasing modes, and other lasing modes will be
suppressed resulting from the injection locking behavior induced by feedback beams.

3. Experimental Results and Discussion
Fig. 2 shows the well-known spectrum from the MMFP-LD with bias current of 25 mA and operation
temperature of 38.2 �C, in which the lasing mode with maximum power is defined as the central
mode ðm ¼ 0Þ, and other higher order side modes can be seen in the illustrations. It is obvious that
the output spectrum with only several dB SMSR has very wide bandwidth and unbalanced peak
level as a result of the asymmetric gain distribution in the laser material. The mode spacing between
two adjacent lasing modes is around 1.13 nm that should be the corresponding tunable step in TF2

shown in Fig. 1. During the experiment, the output spectrum plotted in Fig. 2 can be red-shifted by
increasing the operation temperature of active region, which should be located within the available
gain bandwidth of EDFA, where the power level of tunable feedback wavelength can be enhanced
to effectively perform the injection locking that can cause two-color oscillation.

To effectively perform the two-color lasing operation utilizing the presented system, two special
wavelengths should be circulated in the external cavity. The output spectrumwith changed difference
frequency can be observed and measured by the OSA. In Fig. 3, four output spectra with the
difference frequency of �0.56, �1.13, �1.69, and �2.11 THz are clearly plotted in order to exhibit
spectral characteristic. In the experiment, to obtain effective two-color lasing emission with various
difference frequencies, one feedback wavelength filtered by TF1 is fixed at the peak wavelength
(�1546.7 nm) of central mode that has a maximum power level in the free-running spectrum shown in
Fig. 2 and causes an output lasingmode illustrated bymodeA in Fig. 3. Another feedbackwavelength
is quasi-continuously tuned from 1530 nm to 1560 nm by the TF2, in which the filtered output
wavelength should be sameas (or close to) peakwavelength of selected sidemode shown in the free-
running spectrum. This is because the pump level of EDFA is held constant so that the corresponding
gain spectrum is also determined for each wavelength during the experiment. Under the condition of
small signal amplification, the output power from EDFA is proportional to the corresponding input
power. In addition, it is well known that the injection locking is strongly dependent on the wavelength
detuning that is defined as the wavelength difference between injected wavelength and peak
wavelength of adjacent side mode, and the required threshold power for injection locking is also

Fig. 2. Output free-running spectrum from the MMFP-LD.
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proportional to thewavelength detuning. Based on the experiment, we found that, in the case of single
optical beam injection, a noticeable issue is that, if the referred wavelength detuning is zero or
negative (injected wavelength shorter than adjacent sidemode), the outcome peak wavelength at the
locked mode is still fixed at the peak wavelength of selected side mode. The detailed mechanism is
not presented and discussed in this paper. So, in our two-color lasing emission, the filtered
wavelength by TF1 is always fixed at the peakwavelength of central modewith the result that the peak
of locked mode shown in Fig. 3 having no shift compared to the free-running spectrum. However, to
simultaneously support twomode oscillations in the output spectrum, the output wavelength from TF2

should be judiciously adjusted. As can be seen from the free-running spectrum shown in Fig. 2, the
output peak level at the lasing mode gradually decayed with increasing the spacing between central
mode and focused side mode. In reality, the outcome locking mode should be the combined product
of injection beam and selected side mode that will produce also interference effect leading to the
enhanced emission power. Hence, while the selected side mode is closed to central mode, the
correspondingly filtered wavelength from TF2 should be properly closed to the peak wavelength of
adjacent lasing mode, i.e., proper wavelength detuning is required to simultaneously attain two
oscillationmodes, which should be same as the peakwavelength of selected sidemodewith opposite
case due to the reduced side mode peak shown in Fig. 2. As a result, the feedback beams at filtered
two wavelengths will further deplete the carriers in the active region leading to the injection locking
behavior in which bothmodeA andmodeB are simultaneously oscillated and locked, and other lasing
modes are synchronously suppressed due to the reduced free carriers caused by the oscillation
modes depletion. As can be seen from the output spectrum, the peak wavelengths at locked modes
have no shift comparing with the free-running spectrum, and the outcome SMSR is as high as�20 dB
because of the effective injection locking. In addition, the peak difference between two emission
modes becomesmore remarkable with extendingmode spacing separation. This result shouldmainly
be caused by the reduced feedback power fromTF2. In other words, two comparable oscillation peaks
with large spacing may be achieved by enhancing the corresponding feedback power at mode B.

Fig. 3. Output spectrum from two-color lasing systemwith difference frequency, (a) 0.56THz, (b) 1.13THz,
(c) 1.69 THz, and (d) 2.11 THz.
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Based on the characteristic of output spectrum captured by the OSA equipment, it is well known
that beat signal in the time domain can be observed owing to the mode beating between two
emission lasing modes, whose autocorrelation trace is shown in Fig. 4 by means of simulation, in
which beating signal in time domain is firstly achieved by utilizing inverse fast Fourier transform
(IFFT) to the generated two-color lasing spectrum and is then again converted into the temporal
autocorrelation trace based on the autocorrelation function. Compared to Fig. 3, the repetition
frequency of beat signal generated is the corresponding difference frequency between two locked
lasing modes. From Fig. 4(a), one can see that the modulation depth in the beat signal is about 35%
with the repetition frequency of �0.56 THz that is same as the mode separation illustrated in
Fig. 3(a). However, while increasing the difference frequency of output emission modes, the
outcome modulation depth in Fig. 4(b) and (c) obviously decayed resulting from the decreased
interaction and enhanced peak difference between two lasing modes, which is, respectively,
reduced to about 25%, and 15% in the case of �1.13-THz and �1.69-THz difference frequencies.
Another noticeable phenomenon should be pointed out that, when the mode spacing is increased to
�2.11 THz, the modulation depth in the converted autocorrelation trace tends to zero. This implies
that the mutual interaction between two emission modes is very weak, and peak power difference
between two emission modes shown in Fig. 3(d) is further increased.

In addition, some noticeable issues are that both nonlinear four-wavemixing andmode competition
are enhanced as the difference frequency between two feedback wavelengths is further shortened to
GHz regime so that interesting phenomena are easily observed in Figs. 5 and 6. As can be seen from
Fig. 5, the output lasing spectrum has noticeable phenomenon, while the difference frequency is
decreased to �0.28 and �0.43 THz. Besides the two main peaks (mode A and mode B), two small
peaks on the two sides of the main peaks are almost equally spaced, i.e., two small peaks at
m ¼ �4 ð�3Þ and 2 (6) in the case of �0.28 (�0.43) THz difference frequency, which are the direct
result of four-wave mixing process induced by mode A and mode B. However, while the feedback
wavelength filtered by TF2 effectively causes the laser emission (mode B) at m ¼ 1, i.e., the

Fig. 4. Autocorrelation trace in time domain with various difference frequency in the corresponding
spectrum, (a) 0.56 THz, (b) 1.13 THz, (c) 1.69 THz and (d) 2.11 THz.
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corresponding difference frequency is about 0.14 THz, the central mode (mode A) at m ¼ 0 is highly
suppressed as a result of strong mode competition between mode A and B with the result that only
single-mode output is observed. On the contrary, when the mode B is oscillated at m ¼ �1, mode A
cannot be suppressed. Two obvious small peaks are still observed at m ¼ �2 and 1 due to the
enhanced four-wave mixing effect that also results in the decreased SMSR.

The outcome SMSR and peak levels at mode A and mode B are, respectively, illustrated with
respective to the changed wavelength at mode B in Fig. 7(a) and (b), in which another issue should

Fig. 5. Output spectrum of FP-LD with dual-wavelength feedback in the case of difference frequency of
0.28 and 0.43 THz.

Fig. 6. Output spectrum with difference frequency of about 0.14 THz for two output modes.

Fig. 7. Output spectrum properties including (a) SMSR, and (b) Peak levels of mode A and mode B
against the changed wavelength at mode B.
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be noted that, when feedbackwavelength from the TF2 is longer than the wavelength of central mode,
the SMSR in the obtained two-color lasing spectrum shown in Fig. 7(a) is generally decreased
compared to other opposite cases. The reason should be mainly attributed to asymmetrical gain
spectrum andmaterial characteristic of laser diode. Here, the shown SMSR in Fig. 7(a) is the average
parameter of SMSR at mode A and mode B.

With increase of the spacing between mode A and mode B, their peak levels shown in Fig. 7(b)
has slight fluctuation except a special wavelength that only makes mode B oscillate, and mode A is
highly suppressed owing to the very strong mode competition with the result that the single-mode
operation shown in Fig. 6(a) is generated. In addition, as the filtered wavelength from TF2 is drifted
to the range of 1530–1535 nm, their peak difference is very obvious as a result of the reduced
feedback power at mode B shown in Fig. 1. Namely, the output peak at mode B remarkably
decayed, and the mode A that can obtain enhanced stimulation emission has an increased output
peak. Based on above discussion, we can conclude that, in order to achieve two-color lasing
emission with effective SMSR and peak power, it is advantageous to select a proper short feedback
wavelength at mode B comparing to the central mode wavelength.

4. Conclusion
A two-color lasing system based on the MMFP-LD with external cavity feedback consisting of two
filters and an EDFA has been experimentally demonstrated and discussed, in which the achieved
two-color operation with tunable difference frequency from several hundred GHz to more than 2 THz.
The effective SMSR in the output spectrum is about 20 dB. While wavelength detuning between two
feedback wavelengths is very close, both mode competition and four-wave mixing effects produce
obvious influence on the output spectrum with the result that the two-color operation disappeared or
the outcome SMSR of two-color lasing output remarkably decayed. By means of simulation, the
generated beat signal with high repetition frequency has been observed, whose modulation depth is
strongly dependent on the mode separation and mutual interaction. Hence, in order to realize
effectively two-color lasing operation, judicious feedback wavelengths should be selected. Through
the research in this paper, it is obvious that the potential application of FP-LD-based laser system is
further extended.
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