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ABSTRACT

Enhancement of the small- and large-signal modulation performance of wavelength tunable laser diode (TLD) transmitters under strong
optical injection locking (OIL) is investigated numerically in back-to-back and optical-fiber transmission schemes. Our model is based on
the spatiotemporal description of laser dynamics as due to the composite cavity design of TLDs, the usual rate equation formalism is not
directly applicable. We demonstrate that TLD transmission strongly depends on wavelength tuning, which was investigated over a 21-nm
range between 1529 and 1550 nm emission wavelengths. The best performance for both free-running (FR) and OIL TLDs is achieved at
shorter wavelengths, 1529 nm for our device. Although in both cases this is due to larger differential material gain at shorter wavelengths,
the underlying physics of the effect is completely different. For an FR TLD, it is the resonance oscillation frequency (ROF) that defines the
best modulation speed, while for an OIL TLD, the achievable modulation speed depends on the cavity mode shift due to optical injection.
Both the ROF and the cavity mode shift increase when the differential gain increases. However, the ROF is the device’s fixed parameter, while
the cavity mode shift is defined by the OIL conditions, and thus, it can be optimized. The superior performance of the optical fiber digital
data transmission with the OIL TLD is demonstrated at around 20-Gb/s modulation speed for standard fibers. This result is attributed to
an enhanced modulation response and suppressed frequency chirping of the OIL TLD, and it is important for practical utilization of TLD
transmitters.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0193550
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. INTRODUCTION

Modern optical communication systems need compact high-
speed laser transmitters as the number of users and bandwidth
utilization are dramatically increasing. Wavelength Division Multi-
plexed (WDM) systems are widely used in fiber-optic networks to
achieve multi-channel transmission to satisfy these needs. In order
to cover the required multi-channel wavelength ranges, instead of
using many fixed-frequency lasers, tunable laser diodes (TLDs) are
considered a good alternative as TLDs can be tuned to transmit
over a wide spectral range of all allocated channels. Initially, due
to the relatively high cost, the TLD transmitters were aimed at
long-haul and/or metro networks." However, in recent years, sig-

nificant progress has been achieved in widening the utilization of
TLDs in access networks”” and data center interconnects.” This has
further increased the demand for TLDs with enhanced digital data
transmission performance.

Due to fundamental physical constraints on carrier-photon
dynamics in laser cavities under electrical current injection because
of the turn-on delay and gain compression effects, all lasers, includ-
ing TLDs, have limited direct modulation (DM) bandwidth, and
they are also prone to the frequency chirping penalty. At the same
time, the growing demand for low-cost efficient transmitters makes
DM TLDs an attractive option for various applications and stimu-
lates further search for novel laser designs,” or advanced operation
conditions,” or a combination of both,” which allow to overcome the
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above-mentioned limitations. There have been efforts to increase the
DM TLDs’ modulation bandwidth with reduced frequency chirping,
and it has been recently reported that a 10-Gb/s data transmis-
sion was achieved using two-section TLDs based on InGaAlAs
multi-quantum well gain material.®

Optical injection-locking (OIL) is an effective technique that
improves the stability of lasers by injecting light from a mas-
ter laser (ML) into the cavity of a slave laser (SL). The effect of
OIL on lasers has been widely studied, and it was shown that it
enhances the modulation bandwidth” "' and reduces the frequency
chirp (or linewidth) and relative intensity noise (RIN).'? The stabil-
ity of the emission frequency under DM is an important factor as
fiber dispersion can cause spatial spreading of the spectrally broad-
ened signal, which results in an inter-symbol interference. For the
above-mentioned reasons, OIL DM lasers are currently the focus of
intensive research as a promising option for application in advanced
systems."”'® One of the very recent developments is utilization of
the OIL technique in THz emitters,'” with experimental demonstra-
tion of a dramatic decrease in the linewidth and noise component of
the emission power spectrum under OIL conditions.

Most of the existing works on OIL deal with the fixed-frequency
lasers,'® with very little work on multi-section TLDs. This is in
part because the dynamics of multi-section lasers are considerably
more difficult to study.'” As far as TLDs are concerned, previous
publications were mainly focused on chaotic dynamics and sta-
bility studies,”’ rather than on OIL regimes, and, to best of our
knowledge, no results were reported on OIL TLD data transmission
performance.

In this paper, we numerically investigate the modulation
dynamics of three-section InGaAsP/InP OIL TLD transmitters. We
demonstrate substantial enhancement in the modulation response
of OIL TLDs and its dependence on wavelength tuning. The latter is
important from an application point of view since TLD transmit-
ters by their nature operate at different wavelengths. Hence, it is
important to know how their modulation characteristics vary with
wavelength tuning. Our simulation model allows one to directly
observe the correlation between the CW emission spectral fea-
tures and modulation characteristics of OIL TLDs. Particularly
notable results are obtained for optical-fiber transmission of digi-
tal data over a standard optical fiber where approximately 20-Gb/s
modulation speed of the OIL TLD is demonstrated. To the best
of our knowledge, this is the first study of the fiber transmis-
sion performance of DM TLDs under OIL. In addition, we show
that differential gain has a strong effect on OIL TLDs. The mod-
ulation dynamics of OIL TLDs change considerably with wave-
length tuning due to variation in differential gain at different lasing
wavelengths. This is very different from the case of the fixed-
frequency lasers where differential gain is a fixed value parameter.

Il. MODEL AND MODULATION DYNAMICS OF OIL TLDs

Composite multi-section cavity design of TLDs makes it diffi-
cult to directly apply the rate equation formalism, which is typically
used in studies of laser dynamics in single cavity devices.”"”* Here,
we use the VPI commercial simulator, which incorporates spa-
tiotemporal cavity effects via the travelling-wave approach based on
the transmission-line laser model,”” shown in Fig. 1. The signal gen-

pubs.aip.org/aip/adv

erated by DM OIL TLDs is analyzed by various optoelectronic and
post-processing tools provided by the VPI, which are also shown in
Fig. 1. However, VPI has serious limitations because it uses simplis-
tic (parabolic) built-in gain spectra models, which are particularly
restrictive in the case of widely tunable TLDs. Contrary to the lasers
with fixed emission spectra, the TLD lasing wavelength can be tuned
by injecting carriers into the tuning sections.”*” As a result, the
entire bandwidth of the gain spectra and its shape are important
in defining both the lasing wavelength of the TLD and the dynam-
ics of its response to OIL conditions. (In addition, the optical losses
in the DBR section also vary with wavelength tuning.) In order to
overcome this problem, we had previously developed® an integrated
dynamic simulation model, which incorporates separate calcula-
tion of the material gain spectra using physics-based software tool
PICS3D,” which is then self-consistently incorporated via the inter-
face into the VPI simulation model. This allows exact self-consistent
calculation of such an important parameter for OIL as the active
section differential gain and the group refractive index at every las-
ing wavelength of the TLD. A detailed description of the design of
a three-section InGaAsP/InP TLD with the Inoe Gao39As0.84Po.16
active region operating at 1550 nm and all material and design
parameters are given elsewhere.”®

Although our main goal is to demonstrate the enhanced modu-
lation performance of OIL TLD transmitters in optical fiber links,
the small-signal back-to-back (BTB) analysis also provides good
insight into the effect of OIL on laser dynamics. We first investi-
gate the effect of wavelength tuning on the small-signal response of
free-running (FR) TLD lasing at different frequencies (wavelengths)
fo (Ao).

As is seen from Fig. 2, the resonance frequency fr in the FR
TLD varies substantially from 2 to 5 GHz under wavelength tun-
ing from Ay = 1550 nm to Ap = 1529 nm. This practically important
result for TLDs can be explained by the wavelength dependence of
the differential material gains,”® which defines the resonance oscil-
lation frequency (ROF)."? In order to observe this effect in TLDs,
one needs to take particular care in calculating the correct gain spec-
tral shapes and their variation with carrier injection. Since fr also
depends on the output power, which varies with wavelength tun-
ing,” in the simulation, we have adjusted the output power to 3 mW
for all tuned emission wavelengths.

Under OIL conditions, the small-signal performance of the
TLD is substantially improved. Here, we utilize the front-mirror
injection scheme (see Fig. 1). The frequency detuning between the SL
and ML lasing frequencies was Af = 0, and the injection powers were
determined by the border point in the stability map corresponding
to the locked state.”” Note that stability maps and thus the locking
conditions change with wavelength tuning.'® As is seen from Fig. 2,
for shorter wavelengths, the frequency fr and 3-dB bandwidth are
increased to 18.7 and 25 GHz, respectively. The underlying physics
of this effect is the emergence of two new optical states in the laser
cavity under OIL—the shifted cavity mode fqire (which is a result of
change in the group refractive index due to the change in the carrier
density caused in turn by the injected photons) and the injection-
locked (lasing) mode defined by the ML frequency finj. Our model
actually allows us to explicitly observe these modes in the emission
spectra of the OIL TLD modulated by a weak AC sinusoidal signal.

Figure 3 shows the superposition of three emission spectra of
the SL for three different modulation frequencies fm defined in
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FIG. 1. VPI simulation setup of the three-section DM OIL TLD transmitter and data transmission over optical fiber.
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FIG. 2. Small-signal response of FR (dashed lines) and OIL (solid lines) TLDs
under wavelength tuning to three wavelengths A, indicated in the inset.

the inset. The corresponding modes are marked as A, B, and C
in Fig. 2 (for modulation frequencies) and in Fig. 3 (for spectra).
The symmetric blue-shifted modes A’, B, and C’ are consider-
ably weaker as they have smaller gain.”® The TLD was tuned to
1529 nm wavelength, and the injected power was 4.7 mW. The fre-
quency detuning was kept at Af = 0, i.e., the ML injects light with
1529 nm wavelength (the locked mode marked as Ly in Fig. 3).
Here, of particular significance is mode B, which exactly coincides
with the cavity shifted mode. The resonance condition is satis-
fied when the frequency difference between fiy; and fenire modes is
exactly equal to the modulation frequency fr, (18.7 GHz in this case).
As is seen from Fig. 2, this is also the resonance frequency fr of
the response function corresponding to its peak value. The magni-
tude of the response function at frequencies fn, corresponding to
modes A and C is considerably smaller than that for mode B. As
a result, the spectral lines of modes A and C shown in Fig. 3 also

have considerably smaller power. Mode B is amplified due to res-
onance between the injected (locked) mode and the cavity shifted
mode when fi = fr = finj — fohire- The right-hand-side of this condi-
tion is a nontrivial result, which allows one to directly evaluate the
dynamic parameter fr from the CW spectra of the OIL TLD laser
(the frequencies finj and faie). For OIL Fabry-Perot (FP) laser, this
was demonstrated in Refs. 9 and 10 from the rate-equation-based
analysis of the optical spectra of damping oscillations, which were
a result of the interference between fiyj and feir modes. Here, we
show that the travelling-wave model allows us to directly observe
these modes in the CW spectra of the OIL multi-section TLD, con-
firming the same physical origin of enhanced modulation response
due to resonance interference between the two above-mentioned
modes. This is completely different from the resonance response
of FR DM laser, which is caused by the relaxation oscillations of
the electron-photon interaction in the cavity. The latter is a fixed
device characteristic, while the former depends also on the OIL
parameters (injection-power ratio and frequency detuning), which
can be optimized in order to achieve the best modulation enhance-
ment performance of the laser. Another important observation from
the simulation is that the cavity mode shift is directly propor-
tional to differential gain.'’ This is a particularly significant result
for TLDs because differential gain strongly depends on the tuning
wavelength,” i.e., the shift will be different for different lasing wave-
lengths, and this must be taken into account in practical utilization
of the OIL TLD transmitters working at different wavelengths under
the DM regime.

Ill. LARGE-SIGNAL MODULATION AND OPTICAL FIBER
DIGITAL DATA TRANSMISSION BY THE OIL TLD

In order to test the large-signal response of the DM OIL TLD,
the laser was modulated by an NRZ pseudorandom bit sequence
(PRBS) in BTB and the fiber transmission schemes. It is vital to take
into account that for large-signal modulation, the OIL conditions are
subject to dynamic variation during the pump current modulation
as the SL output power changes from min (for a 0-bit) to max (for a
1-bit). This in turn results in a change in the power injection ratio,
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FIG. 3. Spectra of the OIL TLD tuned to Ay = 1529 nm under small-signal sinu-
soidal modulation with three different modulation frequencies f, shown in the
inset.

which is a critical parameter that defines the position of the laser
state on a stability map. For the OIL TLD lasing at 1529 nm in the
CW regime with an output power of 3 mW (bias current 16.35 mA),
a stable locked point at the detuning Af = 0 has an injection ratio of
1.57. Under the DM regime, a 1-bit current was kept at I; = 16.35
mA, and a 0-bit current was kept at Iy = 8 mA. This swing of the
modulation current ensures that the OIL TLD is in the lasing state
at all times (the laser threshold current was just below of 7 mA). The
importance of the correct choice of the lower-bound bias current Iy
is revealed in Fig. 4, which shows the CW power distribution along
the active cavity region for the backward- and forward-propagating
waves in the FR TLD [Fig. 4(a)] and OIL TLD [Fig. 4(b)]. In an FR
TLD, a small decrease in Iy from 8 to 7 mA (just above the thresh-
old) does not change its lasing state (both forward and backward
waves are amplified along their directions of the propagation), while
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the OIL TLD at Iy = 7 mA acts as an absorber (the optical power
of both waves decreases as they propagate) since the carrier den-
sity drops below its threshold value under the OIL regime. This
severely weakens the dynamic response of the OIL TLD. No such
problem occurs at Iy = 8 mA. Thus, the optimal modulation of the
OIL TLD requires careful adjustment of the Iy current magnitude for
0-bits. The latter observation is important for practical use of OIL
TLD transmitters.

In Fig. 5, we demonstrate the response to a 10-Gb/s large-signal
DM of the BTB FR TLD [Fig. 5(a)] and OIL TLD [Fig. 5(b)] in the
time domain for 1529 nm emission wavelength. The correspond-
ing eye diagrams, shown in Figs. 5(c) and 5(d), respectively, clearly
demonstrate dramatic improvement in the TLD performance under
the OIL regime.

For an FR TLD, the output optical pulses are completely
asynchronized from the PRBS digital data NRZ pulses [Fig. 5(a)],
whereas under the OIL regime, the TLD pulses ideally follow the
PRBS data pulses [Fig. 5(b)]. The frequency chirping (not shown
here) was also improved (decreased) for the OIL TLD transmitter.

The bit-error rate (BER) performance of the BTB OIL TLD for
PRBS transmission is shown in Fig. 6 for three emission wavelengths:
1529, 1542, and 1550 nm.

The OIL conditions for each wavelength were specified from
the corresponding stability maps. The VPI post-processing tool
allows us to directly estimate the BER of the TLD transmitter.
The results in Fig. 6 demonstrate how sensitive the transmitter’s
BER performance is to a lower-bound current I, as was men-
tioned earlier. Interestingly, BER is a non-monotonous func-
tion of Io. Initially, an increase in Iy improves the TLD’s BER
response because it remains in a lasing state during the swing
of the modulation current from Iy to I;. A further increase in
Ip results in a decrease in the aspect ratio, the eye diagram
opening decreases, and thus, BER increases. The best BER per-
formance was achieved for the BTB TLD transmitter tuned to
1529 nm lasing wavelength due to larger differential gain at shorter
wavelength.”” The optimal lower bound for the bias current was
Io = 8.5 mA.
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The dependences shown on Fig. 6 represent our main results. Finally, we investigate the fiber transmission of PRBS digital
They demonstrate that the OIL of TLD transmitters is capable of ~ data by the DM OIL TLD. The corresponding results are pre-
considerably boosting their high-speed performance, and, impor- sented in Fig. 7. We aim here to just demonstrate that the results
tantly, this can be achieved over the entire range of the tuning wave- obtained for a BTB scheme (Fig. 6) are also confirmed in the
lengths. Optimization of the operation of TLDs in the real-world fiber transmission scheme. It is necessary to note that the perfor-

systems will require careful calibration of the related modulation =~ mance of the fiber transmission links is generally influenced by the
parameters, particularly the lower bound for the TLD bias current optical properties of the fibers employed. In our simulation experi-
I, for each lasing wavelength. ments, we use an ordinary single-mode fiber with typical values for
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the dispersion coefficient and fiber attenuation of 16 ps/(km-nm)
and 0.25 dB/km, respectively. We consider lasing at the shortest
wavelength of 1529 nm as this wavelength shows the best modu-
lation performance in our BTB simulation. For the same reason,
the optimal lower bound of the bias current was Ip = 8.5 mA
(see Fig. 6).

As is seen from Fig. 7, for acceptable values of BER, the fiber
transmission length strongly depends on the modulation speed,
which varies from 9 km for 17.8 Gb/s to 23 km for 10 Gb/s. This
behavior is in agreement with the results shown in Fig. 6 for the BTB
scheme. The results for the other tuning wavelengths are qualita-
tively similar; only numerical values will differ for the fiber length
spans for each modulation speed. The FR TLD lasing at 1529 nm was
not capable at all for fiber transmission at these modulation speeds.
The maximum achievable modulation speed over a 10-km fiber was
less than 3 Gb/s.

The analysis carried out shows that the main contribution
to BER in the investigated transmissions links comes from the
fiber dispersion. In practice, the achievable transmission length can
be further increased by using dispersion-shifted and dispersion-
compensating fibers (DCFs).’! Such optimized fiber links will allow
us to realize the modulation enhancement over the entire wave-
length tuning range. In this work, we intended to demonstrate that
even by using fibers with typical attenuation and dispersion para-
meters, it is still possible to attain substantial enhancement of the
data transmission in terms of modulation speed and fiber span
length.

A superior performance of the OIL TLD for all tuning wave-
lengths was due to two reasons—an enhanced dynamic response and
suppressed frequency chirping of the optical signals. The BER and
the fiber transmission length can be further enhanced using suitable
fiber dispersion compensation schemes.

IV. CONCLUSION

We have demonstrated enhancement of small- and large-signal
modulation performance of TLD transmitters under strong OIL in
BTB and the optical-fiber transmission schemes. TLD transmission

ARTICLE pubs.aip.org/aip/adv

operation strongly depends on the emission wavelength. The 21-nm
wavelength tuning range between 1529 and 1550 nm was studied
in this work. The best performance for both FR and OIL TLDs is
achieved at 1529 nm. Although in both cases this is due to larger dif-
ferential material gain at shorter wavelengths, the underlying physics
of the effect is completely different. For an FR TLD, it is the ROF
that defines the achievable modulation speed, while for an OIL TLD,
the achievable modulation speed depends on the main cavity mode
shift due to optical injection. Both the ROF and the cavity mode
shift are proportional to differential gain. However, ROF is a fixed
device parameter, while the cavity mode shift is defined by the OIL
conditions, and thus, it can be optimized for practical applications
in real-world optical transmission systems. The stability maps need
to be analyzed for each tuning wavelength since OIL conditions are
different for each wavelength. In addition, we show that the achiev-
able modulation frequencies can be directly observed and extracted
from the CW spectra of the OIL lasers. Superior performance of the
optical fiber digital data transmission with the OIL TLD is demon-
strated at around 20-Gb/s modulation speed for standard fibers of
various lengths. This result is attributed to an enhanced modulation
response and suppressed frequency chirping of the TLD under the
OIL regime.
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