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VCSEL-Based Optical Frequency Combs Expansion
Induced by Polarized Optical Injection

Ana Quirce, Cristina de Dios, Angel Valle, and Pablo Acedo, Member, IEEE

Abstract—The present theoretical work studies optical fre-
quency combs (OFCs) associated with both linear polarizations of
a gain switching vertical-cavity surface-emitting laser (VCSEL)
subject to optical injection of arbitrary polarization. The overall
OFC, formed by the two orthogonally polarized sub-combs, can
have an expanded optical span in agreement with experiments
reported by Prior ef al. We show that the maximum optical span
is obtained for a certain angle between the linearly polarized
optical injection and the direction of emission of the main mode
of the free-running VCSEL. We find that this angle decreases
as the injection strength increases. We also characterize the
maximum expansion of the optical span of the overall comb.
For VCSELs with large birefringence splitting the maximum
expansion is the optical span of the free-running OFC, while for
small birefringence splitting VCSELs the maximum expansion is
the value of the birefringence splitting.

Index Terms—Semiconductor lasers, Vertical-Cavity Surface-
Emitting Lasers, gain switching, optical frequency comb gener-
ator, optical injection, polarization.
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I. INTRODUCTION

Optical Frequency Combs (OFCs) consist of a series of
evenly spaced discrete spectral components that maintain
high spectral coherence [1]. OFCs find applications in fields
such as metrology, spectroscopy, optical arbitrary waveform
generation, THz generation, microwave photonics or optical
communications [1]-[5]. One way of generating OFCs is by
using semiconductor lasers. These systems are compact with
low energy consumption, cost and complexity. Such OFCs
can contribute to take out of the laboratory technologies
such as dual-combs [3] or optical processing [6]. Different
technologies have been used to generate these OFCs. For
instance, mode-locking [7], electro-optical modulation [8],
and gain-switching [9] of semiconductor lasers produce good
quality OFCs.

Gain-switching (GS) consists on the periodic RF large
signal modulation of the current applied to a laser diode
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to generate a regular pulse train. GS of single-mode semi-
conductor lasers offer combs with good tunability charac-
teristics, and high efficiency and correlation between optical
modes [9], [10]. OFCs using different types of commercial
single-mode semiconductor lasers have been generated. Edge-
emitting lasers like Distributed feedback (DFB) or Discrete
Mode Lasers (DML) [9], [11] and Vertical-Cavity Surface-
Emitting Lasers (VCSEL) [10], [12], [13] have been used.

VCSELs are single-longitudinal mode semiconductor lasers
with several advantages over edge-emitters like on-wafer test-
ing capability, lower energy consumption, reduced manufactur-
ing costs, and circular output beam [14], [15]. These properties
make them appropriate for mass production and for OFC
generation [10]. Single-transverse mode VCSELs can emit
in two linear polarization modes with orthogonal directions
[15]. Polarization switching (PS) between these modes can
be found when changing the temperature or bias current
applied to the VCSEL [15]-[17]. This unique behaviour gives
VCSELs an extra degree of freedom with respect to edge-
emitters for which linearly polarized emission is usually found.
Another way for obtaining PS is by applying external optical
injection [18]-[21]. PS has been usually obtained for the case
of orthogonal optical injection in which linearly polarized
light is injected orthogonally to the linear polarization of the
main mode of the free-running VCSEL [18]-[21]. PS has also
been observed when both previous polarizations are parallel
(parallel optical injection) [22], and when the injected light
has arbitrary polarization [23].

Due to the special polarization properties of these devices
dual-polarization VCSEL based OFCs can be generated, open-
ing perspectives for polarization-sensitive sensing and multi-
carrier optical sources for polarization-division multiplexing
optical communications. A simple way to obtain these OFCs
is by gain-switching VCSELs: it has been experimentally [10]
and theoretically shown [13] that two orthogonally polarized
OFCs are generated in such a way that combine to produce
a wider overall optical comb, although one of the OFCs
has smaller power than the other. Optical injection has also
been used experimentally to improve the characteristics of
VCSEL-based gain switching OFCs [24]. Linearly polarized
optical injection can produce an overall comb with enhanced
optical span in which both subcombs have comparable span
and power, [24]. Also an overall comb with single linear
polarization that is parallel or orthogonal was obtained for
parallel and orthogonal optical injection, respectively [24].

In this work we perform a theoretical analysis of OFCs
obtained when a gain-switched VCSEL is subject to arbitrary
optical injection. Our model is based on the rate equations
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of the spin-flip model extended to consider the general case
of ellipticaly polarized injected light. Our work mainly aims
at explaining the experimental results of [24]. We obtain
similar results to those of [24] when we consider parallel and
orthogonally linearly polarized optical injection and also more
general cases, like linearly polarized light with an arbitrary
angle or elliptically polarized light. We show that expanded
OFCs, in which both subcombs have similar span and power
can be obtained, in agreement with [24]. Our work goes
beyond the findings of [24] by predicting that the maximum
span is obtained for an specific angle which value depends on
the injection strength. We will also discuss the limits of this
method of OFC expansion.

The structure of this paper is organized as follows. We
present in section II the theoretical model. Free-running OFCs
are described in section III. In section IV we describe the
effect of optical injection with arbitrary polarization on OFCs.
Section V is devoted to analyze and discuss our results. Finally,
in section VI we summarize our results.

II. THEORETICAL MODEL

Optical injection effects on the polarization dynamics of
gain-switched VCSELSs are theoretically studied by using the
spin-flip model (SFM) [25]-[27]. Usual versions of SFM
consider linear carrier recombination. However good quality
OFCs, with large optical span and large carrier to noise
ratio, are obtained when modulating sinusoidally the current
applied to the VCSEL with large amplitudes. Under these
conditions nonlinear carrier recombination terms are preferred
for simulation [13], [28] because the carrier number can depart
significantly with respect to its threshold value in such a way
that linearization of the carrier recombination term around
threshold is no longer a good approximation [13].

In the SFM model the dynamical evolution of the linear
polarization modes of a single-transverse mode VCSEL is
described. The linearly polarized complex e-fields in the z and
y directions are F,, and F,, respectively. There are two carrier
variables. The first one is D = (N — N;)/(Ngn, — Ni) where
N, Ny, and N, are the carrier number, carrier number at
threshold, and at transparency, respectively. The second one is
n, that is the difference of the carriers associated with the spin-
up and spin-down levels [26]. The SFM equations modelling
VCSELs subject to a sinusoidal modulation of the applied
current and to optical injection of arbitrary polarization are
[13], [23]:
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, Dy = N¢/AN;, and AN; = Ny, — N;. The functions
R(D) and I(t) correspond to the nonlinear carrier recombi-
nation, and the applied sinusoidal bias current, respectively.
This current is characterized by the following parameters: I
is the bias current, m is the modulation index, and f,, is the
modulation frequency. The meaning of the rest of the VCSEL
parameters with their corresponding numerical values can be
found in Table I. Gaussian white noises, £, () and &_ (%)
are considered to simulate the effect of spontaneous emission
noise [27]. Parameters in Table I correspond to the 1550-
nm wavelength VCSEL (Vertilas) characterized in [13] by
following the method developed in [26], [29] complemented
by measurements of the turn-on delay time, as in [30], in order
to obtain the A, B, and C' parameters.

Optical injection terms are included in e-field rate equations
in order to consider both the azimuth and ellipticity of the
injected light [23]. In these equations FE;,;, and Ej,;, are
the amplitudes of the injected light in  and y polarizations,
respectively. v;,; is the difference between the frequency of
the optical injection and the frequency intermediate between
those of the z-polarized and y-polarized modes of the free-
running VCSEL, v, and v,, given by 27y, = ay, — 7, and
21y, = v, — Y., respectively. In this work we give our results
using the frequency detuning with respect to the frequency of
the x-polarized mode, that is v; = v;,; — v,. We also shift
the frequency of optical spectra in a quantity given by (v, —
ay,)/(27) in order to have a zero frequency that corresponds
to the frequency of the z-polarized mode. A phase term, §,
is included in the injection term of the equation for E, in
order to simulate an arbitrary polarization as in [23]. This is
done without loss of generality by setting the phase of the
injected y-e-field to zero, 6, = 0, and the phase of the x-e-
field to 6, 0, = J, in order to simplify the equations, so J is
the phase difference between x— and y— components of the
injected e-field [23]. This definition is appropriate when the
linear dichroism is positive in such a way that the dominant
mode of the solitary VCSEL is linearly polarized parallel to
the y—direction [23]. The state of polarization of the optical
injection is completely characterized by § and by an auxiliary
angle, 0,, such that E;,,; ., = FE;sin6),, E;yj, = E;cos0p,
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where E; is the amplitude of the optical injection [23]. We will
use as optical injection parameters E;, v;, 0, and d. The values
of ¢ and 6, are such that —7/2 < ¢ < 7/2, and 0 < g, <
/2. 8, = 0 (8, = m/2) corresponds to linearly polarized
emission parallel to the y (x) direction. Linearly polarized
light forming an angle #,, with the y—axis is characterized by
(0,,6) = (0,,0). Different degrees of elliptical polarization
can be achieved by changing the value of . For instance,
right/left circularly polarized light is obtained for (8,,d) =
(m/4,+m/2).

TABLE I
VCSEL’S PARAMETER VALUES
Parameter ~ Meaning Value

K Field decay rate 36 ns— 1

Ya Linear dichroism 1.4 ns—1

Yp Linear birefringence 106 ns—!

a Linewidth enhancement factor 2.1
Bsr Spontaneous emission parameter 5.4 -10~%

¥ Decay rate of D 2.8 ns—1
GnN Differential gain 3.37-10%s1
Ny Carrier number at transparency 1.49 - 107
Nin Carrier number at threshold 1.70 - 107

Vs Spin-flip relaxation rate 1000 ns—1

A Nonradiative coefficient 2.1-107 571
B Radiative coefficient 6.0-107 s—1
C Auger coefficient 7-106 s—1

ITII. FREE-RUNNING OPTICAL FREQUENCY COMBS

In this section we analyze the dynamics of the free-running
VCSEL, that is without external optical injection. We perform
a numerical integration of Eqs.(1)-(4) in order to obtain the
optical spectra. In our simulations we use a 0.01 ps integration
time step, a 2.5 ps sampling time, and an average over 20
temporal windows of 40.96 ns duration. We choose a value of
the bias current well above the threshold current, Iy = 11.5
mA = 4.4 I;,. Continuous-wave (CW) operation (m = 0) is
illustrated in Fig. 1(a) in which optical spectrum corresponding
to the total power and both linear polarizations are shown. The
frequency separation between the peaks corresponding to the
two linear polarizations is 34 GHz. y—linear polarization mode
dominates the emission (because v, > 0) with the largest
optical frequency (v, > 0).

The formation of optical frequency combs for several values
of the modulation frequency is shown in the remaining parts
of Fig. 1. An effective frequency range for comb generation
from VCSELSs using GS technique exists around the relaxation
oscillation frequency [13]. This range corresponds to the
excitation of only the first spike of the relaxation oscillations
in such a way that there is not a complete extinction of
the stimulated emission between successive pulses. We have
chosen a modulation index of m = 1.3 for which good
agreement with experiments [10] was found [13]. Unless stated
otherwise we will maintain m = 1.3 and [p = 11.5 mA
in this work. In Fig. 1(b) we show optical spectra obtained
for f,, =5 GHz. Both z- and y-polarization modes exhibit
OFCs centered around their corresponding CW frequencies.
The z-polarization mode is characterized by an OFC with
larger optical power than in CW regime due the excitation
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Fig. 1. Optical spectra of the total output, x-polarization, and y-polarization

modes for (a) CW operation (b) fr, = 5 GHz (¢) fm = 4.5 GHz, and (d)
'm = 5.67 GHz.

of pulses in the suppresed polarization that occurs in the gain-
switching regime [10], [13]. The power of the x—polarized
OFC is smaller than that of the y—polarized OFC, as explained
in [13]. A way of characterizing the quality of the OFC is
given by the Carrier to Noise Ratio (CNR) that we define as
the difference, in dB, between the maximum of the optical
spectrum and the minimum of its next valley. We will refer
to CNR, CNR,, and CNR,, to the values of carrier-to-noise
ratio for OFCs corresponding to the total, z-polarized and y-
polarized emission, respectively. x—polarized OFC has smaller
value of CNR (CNR,=12 dB) than that of y—polarized OFC
(CNR,=30 dB) because of the strongest effect of spontaneous
emission noise in the formation of x—polarized pulses [13].
One characteristic of linearly polarized OFCs that can be
seen in Fig. 1(b) and Fig. 1(c) is that peaks in the z-polarized
optical spectrum do not appear at the same frequencies as those
of y-polarized spectrum. This happens because peaks in each
OFC appear centered in their CW frequency and separated
by f. So in general matching between peaks frequencies
does not happen because the frequency separation between
linear polarizations, approximately given by ~,/m, and f,,
can take any value. This unmatching causes the appearance of
not equally spaced peaks in the spectrum of the total output
in regions in which both polarized OFCs have comparable
powers, as it can be seen in Fig. 1(c) in the frequency region
around 10 GHz. A simple way of obtaining matching between
both lineary polarized OFCs is by choosing a value of f,,
such that an integer multiple of f,, equals the frequency
separation between the peaks corresponding to the two linear
polarizations in the CW spectrum. For instance by choosing
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6fn=34 GHz we get f,,=5.67 GHz. The situation for this
value of f,, is shown in Fig. 1(d) in which matching is
apparent and so regularly spaced peaks in the spectrum of
the total power are obtained. This value of the modulation
frequency will be used in our simulations from now on in
order to have more regular spectra for which the discussion
of optical injection effects will be made in a more clear way.

IV. EFFECT OF OPTICAL INJECTION WITH ARBITRARY
POLARIZATION ON OFCs

In this section we analyze the effect of the injection of
light with arbitrary polarization on the OFCs formation. Fig.
2 shows optical spectra obtained for parallel optical injection,
that is when injecting linearly polarized light parallel to the
y—direction (¢, = 0). Fig. 2(a) illustrates the situation when
the frequency of the optical injection is between the two
main peaks of the y—polarized OFC in Fig. 1(d), v;= 24
GHz, and FE; = 0.07. Optical spectrum of the y—polarized
OFC has much more lines because two subcombs coexist
in the spectrum. The first one is similar to the free-running
OFC shown in Fig. 1(d), although with smaller power and
CNR. The second one is centered at the injection frequency
with a frequency separation between lines of f,,. A zoom
of Fig. 2(a) is shown in Fig. 2(b) to better illustrate this
situation. z—polarized OFC has also traces of this double
comb structure in the region around 50 GHz but the comb
quality deteriorates with respect to that in Fig. 1(d) because
CNR in Fig. 2(a) decreases. Fig. 2(c) shows spectra when
FE; increases to 0.5. Only the y-polarized comb centered at
v; survives. This OFC has locked to the optical injection in
such a way that its power and CNR are larger than those of the
corresponding free-running OFC. Emission in the x—direction
is very weak without comb formation. These results are similar
to those obtained in [24] under parallel optical injection.
The y—polarized OFC behavior is similar to that described
in a single-polarization mode gain-switched DML subject to
optical injection [28].

The situation changes for orthogonal optical injection, that
is when injecting linearly polarized light parallel to the
x—direction (¢, = 7/2). In Fig. 3 we show optical spectra
when v; = —4 GHz, that corresponds to an injection frequency
between two consecutive main peaks of the x—polarized OFC
in Fig. 1(d). Fig. 3(a) shows that when E; = 0.07 optical
injection mainly affects the z—polarized OFC while there is
almost no effect on the y—polarized OFC (it is very similar
to that in Fig. 1(d)). We now identify two subcombs in the
x—polarized optical spectrum: one is similar to the free-
running z-polarized OFC of Fig. 1(d), and the other is centered
at v; with a frequency spacing of f,,,. The x—polarized OFC
has much more power than in Fig. 1(d) in such a way that
the spectrum of the total power is enhanced over a wider
frequency range but without the regular f,, frequency spacing
of Fig. 1(d) as it can be seen in Fig. 3(b), in which a zoom
corresponding to Fig. 3(a) has been represented. As in Fig.
2, an increase of the injected power leads to an x—polarized
OFC locked to the optical injection, as it is shown in Fig. 3(c)
and its corresponding zoom of Fig. 3(d). At these large values
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Fig. 2. Optical spectra of the total output, x-polarization, and y-polarization
modes under y—polarized optical injection for (a) E; = 0.07 (¢) E; = 0.5.
(b) and (d) are zooms of (a), and (c), respectively. In this figure 6, = 0,
6 =0, and v;= 24 GHz

of E; the emission in the y—direction is very weak without
clear OFC formation. The selection of the x—polarized OFC
is similar to that described in experiments under orthogonal
optical injection [24].

A way of obtaining regularly spaced OFCs when using
optical injection for any value of E; is by injecting at a v;
value at which both free-running polarized OFC have a peak.
This is shown in Fig. 4(a) and Fig. 4(d) for y—polarized and
r—polarized optical injection, respectively. This figure has
been obtained for v; = —12.6 GHz, and E; = 0.07, that
is the same injection strength of Fig. 2(a) and Fig 3(a). Fig.
4(a) shows that both OFCs are very similar to those in Fig.
1(d). However, more interestingly, there is a very significantly
change in the spectra of Fig. 4(d). This figure shows that
r—polarized optical injection can increase the width of the
spectrum of the total power because of the excitation of the
x—polarized OFC with large power. Also the spectrum of the
total power corresponds to a regular OFC with a frequency
spacing of f,,. Enhancement of the frequency width of the
OFC due to optical injection can be characterized by the
10-dB spectral width, SW7y. We define it as the maximum
frequency separation between peaks with values larger than
10-dB below the absolute maximum of the optical spectrum.
That enhancement is clear because ST increases from 45.4
GHz in Fig. 1(d) to 68 GHz in Fig. 4(d).

We now compare the temporal evolutions of the power of
both linear polarizations for the cases of Fig. 1(d) and Fig.
4(d) in order to explain the frequency enhancement observed
in this last figure. Fig. 5(a) and Fig. 5(b) show time traces for
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the cases included in Fig. 1(d) and Fig. 4(d), respectively. A
vertical logarithmic scale has been chosen in order to show
clearly the effect of spontaneous emission noise. Fig. 5(a)
shows a y-polarized regular pulse train with 5.67 GHz repeti-
tion frequency. Pulse minima are well above the level at which
spontaneous emission noise dominates the evolution, that is
around 10~*. This is not the situation for the x-polarized pulse
train because spontaneous emission noise has a large effect.
This noise causes a strong irregularity in the height and time
of emission of the pulses. So coherence between pulses is
lost and the x—polarized OFC in Fig. 1(d) has a low value of
CNR,. Fig. 5(b) shows that optical injection linearly polarized
parallel to the z—direction is able to increase minimum values
of z—polarized power well above the level of spontaneous
emission noise dominance. So a regular z—polarized pulse
train is also obtained with the corresponding excitation of
a good quality x—polarized OFC and subsequent frequency
enhancement of the total power OFC, as it is shown in Fig.
4(d).

We now analyze the effect of the angle 0, between the
direction of a linearly polarized optical injection and the
y—axis, that is the direction of emission of the free-running
VCSEL. Up to now we have seen the effect when 6, = 0
and 7/2 in Fig. 4(a), and Fig. 4(d), respectively. Fig. 4(b)
and Fig. 4(c) show optical spectra when 6, is 0.1m and
7 /4, respectively. Excitation of the x—polarized OFC can be
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obtained even for a small value of 6, as it is shown in Fig.
4(b): CNR, increases from 13.6 dB to 35.7 dB when going
from Fig. 4(a) to Fig. 4(b). Fig. 4(c) shows that when 6,
increases to /4 the z—polarized OFC increases in power
with a value of CNR,, 40.8 dB, similar to that obtained for
the orthogonal optical injection illustrated in Fig. 4(d), 42.3
dB. In summary, Fig. 4 indicates that there is a wide range of
6, values for which frequency enhancement of OFC induced
by linearly polarized optical injection can be obtained. The
effect of 6, on the overall comb width will be analyzed in the
next section.

We now study the effect of injecting elliptically polarized
light on the formation of OFCs by comparing with previous
results. Fig. 6 shows optical spectra obtained under different
ellipticity conditions of the optical injection. In Fig. 6(a)
results corresponding to elliptically polarized light with an
instantaneous ellipticity, x = 18° are plotted, where y is
defined by sin2x = sin26,sind [23]. Comparison with
corresponding results for linearly polarized injection of Fig.
4(b) shows similar spectra with similar values of SW;, and
CNR, and a slightly larger CNR,, value, 1 dB, for linearly
polarized injection. Injection of right circular light, illustrated
in Fig. 6(b), gives also similar results to those obtained under
corresponding linearly polarized injection (Fig. 4(c)). Fig. 6(c)
shows results obtained when increasing x to 72°. Comparison
between Fig. 6(b) and Fig. 6(c) shows that increasing x excites
z—polarized OFC while the power of y—polarized OFC
decreases. Fig. 6(d) illustrates spectra obtained for injection
of left circular light under the same conditions to those of
Fig. 6(b). Changing from right to left circularly polarized
light scarcely affects optical spectrum as it can be seen by
comparing Fig. 6(b) and Fig. 6(d). These results seem to
indicate that the effect of ellipticity of the injected beam on
OFCs formation is not important, as it will be shown in the
next section.

Injection-locked states can be found where x and
y—polarized subcombs are both injection-locked to the CW
external optical injection. This happens for instance in cases
illustrated in Fig. 4(b) and 4(c). Situations in which only
one subcomb is injection-locked to the external light with
no coherence between the two subcombs also occur (see Fig.
2(d) and Fig. 3(d)). For elliptically polarized optical injection
we also find injection-locked states for x and y—polarized
subcombs, for instance in Fig. 6(b). In this case, around the
considered detuning v; = -12.6 GHz, we find locking if -
13 GHz < v; < -12 GHz, so the locking range is 1 GHz.
The locking range increases as E; increases. Optical spectrum
corresponding to each linear polarization changes within this
locking range in such a way that excitation of the xz-polarized
subcomb increases as we approach the borders of the locking
interval. The optimum spectrum obtained in Fig. 6(b) only
occurs at selected (discrete) values of GS frequencies, f,, as
discussed in Fig. 1(d). The ranges for f,, values that satisfy
the condition of Fig. 1(d) are small, around 20 MHz for the
case of Fig. 6(b).
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Fig. 6. Optical spectra of the total output, x-polarization, and y-polarization
modes under elliptically polarized optical injection: (a) 8, = 0.1, 6 = /2,
) 0, = /4,6 = 7/2,(¢) Op = 047, 6 = 7/2, and (d) 0, = 7/4,
6 = —m/2 . In this figure, E; = 0.07, and v;= -12.6 GHz.

V. ANALYSIS AND DISCUSSION

In this section we analyze the effect of optical injection on
the quality of generated OFCs. We will also discuss strategies
for optimizing the enhancement of the optical span induced by
the optical injection. First we calculate the values of CNR,,
CNR,, and SW;o when the VCSEL is subject to linearly
polarized optical injection. Fig. 7 shows these quantities as
a function of the angle between the injected electrical field
and the y—direction, 0, for several values of Fj;. Fig. 7(a)
shows that CNR, increases with 6,, as was illustrated in
Fig. 4, because the projection of the injected field over the
x—direction increases. Also this projection increases as FE;
increases, so CNR, monotonously increases with F;.

Fig. 7(b) shows that when E; is small CNR, does not
change with 6, nor E;. This corresponds to the small effect of
the optical injection on an already well formed y—polarized
OFC, as it is also illustrated in Fig. 4. However, Fig. 7(b)
shows that when F; increases to 0.14, CNR, begins to
decrease for 6, > 30°. This happens because the projection of
the injected field over the x—direction has increased in such
a way that there is only an x—polarized OFC, locked to the
optical injection, with a negligible emission in the y—direction.
This is similar to the situation illustrated in Fig. 3(c).

Fig. 7(c) shows that SWj, does not change with ¢, when
this angle is small, being 45.4 GHz the value of SWig. The
projection of the injected field over the x—direction is not
enough to excite the x—polarized OFC above the 10-dB level.
So the ST value corresponds to that obtained for the free
running OFC, that we term as SWig ¢. The value obtained
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for SWio,¢ from Fig. 1(d) is precisely 45.4 GHz. We also
observe in Fig. 7(c) that there is an optimum 6, for which
SWio is maximum. This maximum value is 79.4 GHz no
matter the value of F;. The frequency enhancement is 34
GHz, that is precisely the frequency difference between both
linear polarizations in the CW spectrum, given basically by
~p/m. Fig. 7(c) also shows that the §, value for which SWiq
is maximum decreases when FE; increases. This maximum is
obtained when full excitation of the x—polarized OFC occurs
while the y—OFC still remains excited. This happens when
there is an appreciable projection of the injected field over the
x—direction and this projection is obtained for smaller values
of 6, when E; increases. The decrease of SW;y when 6,
increases is due to the decrease in power of the y—polarized
OFC. This decrease is slow for low values of E;. However
for F;=0.14 that decrease is more abrupt, like in Fig. 7(b),
because it occurs through dissappearance of the y—OFC due
to injection locking of the x—OFC.

In order to check that elliptical optical injection plays
a similar role to that of linearly polarized light we have
performed simulations similar to those of Fig. 7 but with
different values of ¢: w/2 and 7/4. Results, not shown, are
very close to those obtained with § = 0. This is of interest
to obtain experimentally our results because it should be easy
to find a configuration of the polarization controller for which

frequency enhancement of the OFC occurs.

An strategy for maximizing the OFC frequency enhance-
ment is to choose a VCSEL with larger value of 7,. Huge
enhancement of VCSEL birefringence can be achieved by
the technique of introducing an anisotropic mechanical strain
[31]. VCSELs with birefringence splitting above 250 GHz
(yp > 785 ns—1) have been already demonstrated [32]. We
show in Fig. 8(a) optical spectra for a VCSEL subject to
linearly polarized optical injection in which v, is 160 ns™.
The value of SWig is 96 GHz, larger than those obtained
in Fig. 7. However the limits of this enhancement can be
appreciated because of the development of a valley in the
spectrum of the total ouput around 30 GHz. As +, increases
both orthogonally polarized combs can be excited but their
larger frequency separation makes this valley to appear. Lines
around this valley are still above the 10-dB level and still
contribute to SWio. However, further increase of -y, will make
some lines in the valley fall below the 10-dB level, as it is
illustrated in Fig. 8(b) in which results for v, = 250 ns~! are
plotted. The maximum value of SWj is obtained for the case
illustrated in Fig. 8(a) because the value at the valley is close
to the 10-dB level. This case illustrates the situation in which
vp/m > SWig, 5. For this case SWig ~ 25Wig s because
the spectral width has two similar contributions coming from
each polarized comb which value is approximately SWig .
For cases analyzed in Fig. 7, in which vp/ﬂ < SWio,t,
the maximum frequency width is smaller than that of Fig.
8(a) and is given by SWig ~ SWig,s + 7p/7. Summarizing,
for VCSELs with large birefringence splitting the maximum
frequency enhancement is the spectral width of the free-
running OFC, SWq ¢, while for small birefringence splitting
VCSELs the frequency enhacement is precisely the value of
this splitting, 7, /7. Another strategy for obtaining combs with
wider frequency range is to use strong optical injection regime
to shift relaxation oscillation frequency to higher value, as
suggested in a theoretical study on single-mode edge emitting
lasers [33]. This idea applied to VCSELs will be the subject
of future work.

VI. CONCLUSIONS

Optical frequency combs generated by GS find applications
in optical communications [9], in absorption spectroscopy
[34], [35], and in sub-THz generation [4]. Injection locking
of GS DM lasers shows a flexible comb covering continuous
frequency ranges [9]. This is particularly important in the
context of flexible OFCs for the flexible/re-configurable optical
communication systems. 10-dB spectral width, SWiy, larger
than 80 GHz can be easily achieved in injection-locked GS
DML [9], [11]. In this work we have shown that appropriate
injection locking in GS VCSELSs can increase SWig to values
comparable to those obtained with GS DMLs. This increase
is important for enhancing performance of OFCs generated by
GS VCSELs for the previously mentioned applications.

To conclude, in this work we have analyzed theoretically op-
tical frequency combs that appear in a gain switching VCSEL
subject to optical injection of arbitrary polarization. We have
shown that the overall comb is composed by two orthogonally
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polarized sub-combs that can have comparable span and power
under certain optical injection conditions. These conditions
are such that optical injection e-field must have a significant
projection over the direction associated to the suppressed
linear polarization mode of the solitary VCSEL. Linear optical
injection forming a 6, angle with this direction can induce
an expanded optical span. Also elliptically polarized optical
injection have similar effects to those of the linear optical
injection. Our results are in agreement with experiments
reported in [24]. We have shown that the maximum optical
span is obtained for a value of 6, that decreases as the strength
of the optical injection increases. We have characterized the
maximum expansion of the optical span of the overall comb.
For VCSELs with large birefringence splitting the maximum
frequency enhancement is the optical span of the free-running
comb, while for small birefringence splitting the maximum
frequency enhancement is the birefringence splitting value.
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