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ABSTRACT

Non-degenerate four-wave mixing effects are investigated in an injection-locked InAs/InP nanostructure Fabry-Perot
laser. Locking a longitudinal mode at various wavelengths within the gain spectrum and using the locked mode as the
pump for the wave mixing shows different levels of asymmetry between up- and down-conversion. Experiments reveal
that the normalized conversion efficiency is less asymmetric when the pump is locked at wavelengths below that of the
gain peak. The values of nonlinear conversion efficiencies are maintained above -60 dB for pump-probe frequency
detunings up to 3.5 THz. The role of the linewidth enhancement factor on the asymmetry is discussed and the value of
the nonlinear susceptibility is compared to similar InAs/InP nanostructure semiconductor optical amplifiers. From an
end-user viewpoint, data transmission experiments have also confirmed the possibility to propagate up-converted signals
over 100 km at a 5 Gb/s bit rate under an OOK modulation format.
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1. INTRODUCTION

Non-degenerate four-wave mixing (NDFWM) is a nonlinear interaction process driven by the third-order nonlinear
susceptibility ¥®. In semiconductor media, four-wave mixing has been extensively used to produce wavelength
conversion for wavelength division multiplexed (WDM) systems, to balance chirping characteristics in semiconductor
optical amplifiers (SOA) and to generate self-pulsation with high repetition rates through passive mode locking [1]-[3].
Due to the beating between the pump and probe signals, NDFWM leads to additional waves that behave as the converted
conjugate replica of the input signals. When the frequency detuning (Af) between the pump and probe lies within a few
GHz [4], NDFWM is mostly governed by the carrier density pulsation (CDP) from which the beating between the pump
and probe waves creates temporal gain and index gratings. For larger frequency detunings up to the THz range [5],
spectral hole burning (SHB) and carrier heating (CH) become the dominant mechanisms within sub-picosecond
timescales. The former is connected to the gain saturation effects and intra-band scattering while the latter produces a
beating of the carrier temperature via phonon scattering. Although values of ¥ are always higher for low frequency
detunings due to the larger contribution of the CDP, the very large bandwidth offered by the CH and SHB is also
promising for broadband wavelength conversion. In contrast to quantum well (QW) materials, quantum dots (QDs) do
exhibit various advantages such as a wider gain spectrum [6], ultrafast carrier dynamics [5], higher nonlinear gain effect
and a larger third-order nonlinear susceptibility [7]-[9]. In addition, due to the reduced linewidth enhancement factor
(LEF) or ay-factor, QD nanostructures are useful for eliminating destructive interferences among the different nonlinear
processes, hence lowering the asymmetry between up- and down-converted signals [10]. Most experimental studies of
four-wave mixing have been performed in SOAs with bulk, QW and QD structures. Generally, while SOAs have a larger
linear gain providing higher conversion efficiency, the wavelength conversion remains limited by their strong amplified
spontaneous emission (ASE) noise. In such way, there is always an optimum linear gain that can maximize the
conversion efficiency to noise ratio, while a tradeoff on the pump power is also required to obtain a better performance.
On the other hand, a laser cavity exhibits a reduced ASE through resonance and can thus provide a higher optical signal-
to-noise ratio (OSNR) with respect to SOAs. To this end, this paper aims at extending the study of NDFWM [11] to
semiconductor laser diodes in order to show that further improvements in the NDFWM generation as well as to a higher
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optical signal-to-noise ratio (OSNR) can be achieved. Although the use of a DFB laser is simpler, given that its single
lasing peak can be employed as pump wave, it has to be stressed that in this case the nonlinear efficiency remains
strongly dependent on some complex additional DFB features such as the strength of the grating coefficient, facet phase
effects or spatial hole burning, which are somewhat difficult to control from device to device [7][12][13]. FP lasers are
thus good candidates for NDFWM, providing that the pump wave generated by optical injection-locking (OIL) is a
single longitudinal mode. This allows in fact at the same time an improvement of the properties of the locked laser by
reducing its spectral linewidth or frequency chirp, as well as the relative intensity noise and the nonlinear distortion
[14][15][16]. In this work, a dual-injection technique is employed in a 1550 nm InAs/InP QD Fabry-Perot (FP) laser
operating within the stable-locking range. The NCE is found to vary from -25 dB to -60 dB for frequency detunings
ranging from a few tens of GHz to several THz. The locked QD FP laser thus allows efficient wavelength conversion for
frequency detunings much larger than those achieved with QD SOAs [9]. Locking the pump signal at different
wavelengths within the gain curve shows different asymmetry between up- and down-conversion. When a longitudinal
mode locked at wavelengths shorter than the gain peak is used as pump the asymmetry is weaker, as opposed to the
situation arising at longer wavelengths. From the measured normalized conversion efficiency (NCE) and SNR, the role
of linewidth enhancement factor is discussed. Moreover, the converted signal is used in a modulation platform for
transmission experiments where 5Gb/s open eye diagrams are reported after propagation over a 100 km optical fiber.

2. STATIC LASER CHARACTERIZATIONS

The device under study is an InAs/InP QD FP laser. The active region is made of five InAs QD layers grown by
chemical beam epitaxy (CBE) on a (100)-oriented n-type InP substrate. The ridge optical waveguide is L=1 mm long and
3 pm width with cleaved facets (R=0.32). Figure 1(a) represents the coupled output power per facet of the laser
measured at 293K. The threshold current is ;=39 mA and the external quantum efficiency per facet is about 16%.
Figure 1(b) gives the corresponding optical spectrum of the free-running laser showing a peak emission centered at 1543
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Figure 1. (a) The light current characteristic; (b) The optical spectrum recorded of the InAs/InP QD laser at 293K

Below threshold, the optical gain of the laser increases with the pump current /, while it is clamped above threshold. By
measuring the evolution of both the wavelength A and the gain for various bias currents, the below threshold ay-factor of
the laser can be determined by:

, -2 dAldl |
" LAAdg,, /dI M

where g, is the net modal gain, which can be obtained from the Hakki-Paoli method. This method is based on the peak-
to-valley ratio of the amplified spontaneous spectrum (ASE), and the net modal gain g, is extracted using the following
relationship:
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where g is the material gain, a; the internal loss coefficient, and I',, is the optical confinement factor and x the ratio of the
peak-to-valley intensity levels. Figure 2 shows the net modal gain variation of the QD laser under test from I};,=25 mA
to Iyi.e=39 mA with a current step of 2 mA. At threshold, the net modal gain is of 11 cm™ at the gain peak. The figure in
inset represents the evolution of the below-threshold LEF as a function of the lasing photon wavelength. After

elimination of the thermal effects, the LEF is found to increase from 0.7 to 2.2 with a relatively low value of 1.4 at the
gain peak.
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Figure 2. Measured net modal gain for different pump currents; The figure in inset shows the below-threshold linewidth enhancement
factor (LEF) of the QD laser under study

3. FOUR-WAVE MIXING CONVERSION EFFICIENCY

Figure 3 shows a schematic of the experimental setup. The light from two tuneable lasers, TL1 and TL2, is merged
through an 80/20 coupler, and injected into the slave QD FP through an optical circulator and a lens-ended fibre, used to
both inject the light into the QD FP and collect the light it emits. TL1 is used as master laser in order lock a single
longitudinal mode of the FP around its gain peak and use it as pump for the wave mixing. TL2 is then used as probe to
generate the four-wave mixing with the locked FP mode. The polarisations of both tuneable lasers were set to match that
of the slave laser using fibre polarisation controllers. The NDFWM spectra are then measured using an optical spectrum
analyzer (OSA) with a 10 pm resolution at port 3 of the circulator.

TL1 O e ()k—{QDFP

TL 2 OO0 20% OSA

Figure 3. Experimental setup used for the non-degenerate four-wave mixing (NDFWM)

In this paragraph, the QD FP laser is biased at 2.5xIy, at 293K The injected power from TL1 is set 3 dB below that of the
free-running slave QD FP, and its wavelength is set 80 pm above that of the targeted mode. The injected power from

9357 - 37 V. 1 (p.3 of 8) / Color: No / Format: A4 / Date: 1/30/2015 12:05:51 PM

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http:/SPIE.org/manuscripts

Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not
be published without this approval. Please contact author_help@spie.org with any questions or concerns.

TL2 was set at 450 pW. The difference in frequency between the locked mode of the FP and TL2, equal to the detuning
between TL1 and TL2, defines the NDFWM detuning Af. Figure 4 presents the two types of wavelength conversion. In
Figure 4 (a), the probe wave is at a lower wavelength than the locked pump mode and Af'is thus negative. The converted
signal having a lower frequency than the probe, the situation is referred to as down-conversion. Figure 4 (b) presents the
opposite situation, where Af is positive and the converted signal has a frequency that is higher than that of the pump,
which is referred to as up-conversion.
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Figure 4. NDFWM optical spectra measured for 150 GHz frequency detunings with the pump locked at 1543 nm: (a) -150 GHz
detuning, down-conversion; (b) +150 GHz detuning, up-conversion

The normalized conversion efficiency (NCE) is expressed, in mW™, as [16]:

_ Pconverted signal 3
NeE = 2z p 3)
pumpfprobe

In Eq. (1), optical powers are defined after propagation within the active region, and are traditionally measured using the
peak powers in the experimental optical spectra. As the NCE is not a mere ratio of powers but is normalized to the
squared power of the pump, the optical losses between the facet of the FP and the input of the OSA need to be measured
in order to estimate the actual power of the pump wave. Failing to do so would lead to an overestimation of the NCE.
Figure 5 (a) presents the evolution of the NCE for a range of values of Af when the mode at the gain peak is used as
pump wave. The frequency detuning is here given in absolute value, the NCE for up- (resp. down-) conversion being
shown in red (blue). The conversion is more efficient when the CDP mechanism dominates, for detunings of a few GHz,
with a maximum NCE of about -25 dB. Most importantly, a NCE above -45 dB (horizontal dot line in Figure 5 (a)) is
achieved between -500 GHz and +1.5 THz. At larger frequency detunings, SHB and CH dominate and allowing a
weaker conversion with NCEs above -60 dB for detunings between -2.5 THz and +3.5 THz. Figure 5 (b) shows the
OSNR, defined as the power ratio between the converted signal and the surrounding side-modes. While OSNRs above
20 dB are achieved between -500 GHz and +1.5 THz (up-conversion), the converted signal quickly sinks down to the
noise level for absolute detunings above 2 THz. Compared to similar InAs/InP nanostructured SOAs, the experiments
show a larger OSNR associated to a clear extension of the NDFWM frequency detuning range further in the THz
window, without the need of using of very long interaction lengths [9].

9357 - 37 V. 1 (p.4 of 8) / Color: No / Format: A4 / Date: 1/30/2015 12:05:51 PM

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are correct, (3) all fonts and special characters are correct, and (4) all text and figures fit within the red
margin lines shown on this review document. Complete formatting information is available at http:/SPIE.org/manuscripts

Return to the Manage Active Submissions page at http://spie.org/submissions/tasks.aspx and approve or disapprove this submission. Your manuscript will not
be published without this approval. Please contact author_help@spie.org with any questions or concerns.

]| P— ——ry . A . —
] (a) H & (o)}
RN 5 ®
Ll T = 304 a|a B
2 5 @ s ® g ®e !
540 il @0 e 1 Z 2 y 3 q’@%ﬁ;
D EoE - ) oy ®%, ... 2 i T
% 50 " N EV
) ® L 104 THEe. Y
2_ ] H Down-conversion _ﬁhﬁﬂe ::i:'. & Down-conversion 1'4%';_ @
S -604 @ Up-conversion e v @ Up-conversion H, ]
100 1000 100 1000
Frequency Detuning (GHz) Frequency Detuning (GHz)

Figure 5. The measured NCE (a) and OSNR (b) as a function of the pump-probe frequency detuning

Figure 5(a) also shows a reduced asymmetry between up- and down-conversion profiles as compared to bulk or QW
SOAs, which reach a maximum difference of 15 dB around 1.5 THz of detuning. This phenomenon can be attributed to
the reduced LEF measured on this InAs/InP QD laser [16], [17] from which a lower phase between nonlinear processes
can lead to constructive interferences and to a nonlinear conversion less dependent on the sign of the detuning as shown.
To this end, Figure 5(a) shows that the down converted signals decay a bit faster than the up-converted one since the
former experiences a larger LEF as reported in the inset of the figure 2.

As the LEF varies over the whole gain spectrum, the impact of the pump wavelength on the conversion efficiency has
been investigated in order to study the effect of the LEF on this asymmetry. In addition to using the mode at the gain
peak as pump wave, we repeated the NDFWM measurements using modes 5 nm on each side of the gain peak as pump
waves, namely 1538 and 1548 nm. These modes were locked by TL1 using the same injection conditions, and similar
ranges of detunings between TL1 and TL2 were studied.

Figure 6 shows the NCE profiles of (a) up- and (b) down-conversion for the three pump wavelengths studied. Compared
to the results obtained with a pump at the gain peak, the NCE obtained for a pump at 1548 nm is higher in the case of up-
conversion and lower in the case of down-conversion. While this shows that a more efficient up-conversion is achievable
for detunings further into the THz window when using a pump at a wavelength above the gain peak, it also implies that
the asymmetry between up- and down-conversion has increased. On the other hand, while the up-conversion is less
efficient when using a pump at 1538 nm than at the gain peak, down-conversion becomes more efficient and the
asymmetry is thus reduced. This result agrees well with the measurement of the LEF spectrum presented in Figure 2(b):
a lower LEF is measured below the gain peak wavelength hence a reduced asymmetry between up- and down-conversion
is expected when using a pump at a shorter wavelength.

~20 Ty S — 20 r r
(a) —M— Pump at 1538 nm | (b) —H- Pump at 1538 nm
20 ‘\, —®—Pump at 1543 nm —®- Pump at 1543 nm
E i =g —A—Pumpat1548nm| | « -304 - —&A—Pump at 1548 nm | |
z A . Ia,
;40 4 [ 3= “’A 4 % 40 - A!l i
2 40 . I¢ g 40 -
= —_— ™ = 1= —
.50 B30 . “- ] S0 Bt uy | &g .
@ 20 \ % =4 £ 20 1 ‘.,H.
o z m “u Ke) 1z
pe » 10! \ p @10, 1 A
= 604°, m e T 601l _. -
100 1000 100 1000
100 1000 100 1000
Frequency Detuning (GHz) Frequency Detuning (GHz)

Figure 6. (a) NCE for up-conversion measured for different pump wavelength; (b) NCE of the down-conversion measured for
different pump wavelength. The insets represent the corresponding OSNRs
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4. TRANSMISSION EXPERIMENTS

This section investigates the dynamical characteristics of an up-converted signal were tested under 2.5 Gb/s and 5 Gb/s
On-Off-Keying (OOK) modulation formats. The conversion was performed with a rather short Af'of 100 and 200 GHz in
order to obtain an NCE close to -30 dB. In such a frequency range, the wavelength of the pump wave has little impact on
the NCE and the mode at the gain peak was used as pump.

Figure 7 represents the experimental setup, which is an extended version of that presented in Figure 3 where the light of
TL2 is modulated using an external Mach-Zehnder Modulator (MZM). A pulse pattern generator (PPG) was used to
modulate the light from TL2 and trigger a high-resolution sampling scope. Before the oscilloscope, an optical band pass
filter with a 240 pm width was used to filter out the pump and probe waves as well as the ASE of the EDFAs. The eye
diagram of the modulated converted signal was then measured under the two bit rates studied and for propagation in
SMF fibers of two different lengths (one of a few meters and another one of 100 km).

QD FP
ECFA
L1 (OCO #% Y >_l
EDFA SMF EDFA
| Lo I—l> {Mzmy; OO 2% = (Ojl> ] Oscilloscope |
RF Input TBPF Trigger

| Frequency |
| synthesizer |

PPG

Figure 7. Experimental setup used for the transmission experiments

Table 1 shows different eye diagrams recorded under various conditions. With a 2.5 Gb/s bit rate, the eye diagram
remains widely open even after 100 km transmission with a clear separation of the 1 and 0 levels. However, due to the
relaxation oscillation in the QD gain medium, over-shoot peaks are observed for both detuning conditions. At 5 Gb/s, the
eye diagram at 100 GHz is less opened than at 200 GHz. This phenomenon is that at 200 GHz, the sub-picosecond SHB
and CH mechanisms begin to dominate, while at 100 GHz the CDP remains the leading mechanism [5]. However,
although the nonlinear conversion is better at 100 GHz, the degradation of the eye diagram at 100 GHz may also be due
to optical noise during the reception. As a consequence, results depicted in the table 1 do prove that the 200 GHz detuned
signal can even support faster modulation than 100 GHz. To this end, in order to verify the stability of the transmission
platform, the eye diagrams were taken on different days and found reproducible. These results indicate the possibility of
using QD laser as wavelength converter in WDM systems.

Detuning 2.5 Gb/s over 100 km fiber 5 Gb/s over 100 km fiber

100 GHz
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200 GHz

Table 1. Eye diagrams with a Af'of 100 and 200 GHz and under 2.5 Gb/s and 5 Gb/s over 100 km across a standard SMF optical fiber.

5. CONCLUSIONS

In this paper, a comprehensive NDFWM study is reported in an InAs/InP QD FP laser employing an optical injection-
locking scheme. Taking advantage of the SHB and CH mechanisms driven by fast carrier-carrier and carrier-phonon
scatterings’, we show that a laser cavity allows extending the detuning range up to 3.5 THz as well as maintaining an
NCE above -40 dB up to 1.5 THz with a large OSNR above 20 dB. The measured NCEs are found to be higher than the
ones obtained with QD SOAs grown on the same material system®. In addition, selecting longitudinal modes of the FP at
various positions in the gain spectrum allows either reducing the asymmetry between up- and down-converted signals or
increasing the up-conversion efficiency. From an end-user viewpoint, experiments have confirmed the possibility to
propagate 5 Gb/s OOK up-converted signals over 100 km with a wide eye diagram. Further work will concentrate on the
analysis of the transmission capabilities of the converted signals at other pump wavelength and larger detunings, as well
as on the nonlinear conversion efficiency provided by the first excited level of the quantum nanostructures.
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