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Abstract—The optical injection-locking technique has been
demonstrated to enhance the microwave performance of
fiber-optic links based on vertical-cavity surface-emitting lasers
(VCSELSs). We report recent advances of a comprehensive study
on VCSELs under ultrahigh injection-locking conditions. The
performance improvements include ~20-dB increase of both
spur-free dynamic range and RF link gain, a factor of 5-10
increase in resonance frequency, as well as ~20-dB reduction in
laser noise.
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1. INTRODUCTION

INCE THEIR inception, semiconductor diode lasers have
S been unique light sources with excellent spectra and beam
properties and a capability to be directly modulated at a very
high speed. This modulation capability has led them to be used
for major applications such as optical fiber communications.
For analog fiber-optic transmission, a faithful reproduction of
the signal is desired, with negligible distortion, low noise, and
a high RF link gain. In addition, a large modulation bandwidth
(>10 GHz) is desirable. External optical modulators are typ-
ically used for high-performance links. This solution, though
effective, is costly and bulky. In contrast, directly modulated
lasers are more desirable on these two accounts. In particular,
vertical-cavity surface-emitting lasers (VCSELs) [1]-[3] are
very promising for applications where low cost, small size,
and low power dissipation are required as much as high signal
fidelity. However, directly modulated lasers, including VC-
SELs, suffer from high distortion near the resonance frequency
and can, therefore, only be used at low RF frequencies [4]
(e.g., <1 GHz). The distortion physically originates from the
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nonlinear characteristics of the laser, dominated by the car-
rier—photon interaction. To avoid performance degradation due
to this phenomenon, it is desirable to have the laser resonance
frequency greatly exceed the highest RF frequency of use.

The modulation frequency response of a diode laser is
governed by the rate that electrons and holes recombine at
the laser junction (carrier lifetime), and the rate that photons
are generated and escape from the laser (photon lifetime). To
date, the highest reported experimental resonance frequency is
~31 GHz for a diode laser [5], and ~15 GHz for a VCSEL [6].
20-Gb/s transmission has also been reported with VCSELs [7].
To increase the resonance frequency (f,.) beyond these values,
optical injection locking (OIL) could be an effective method for
improved microwave performance [8]. Injection locking has
been used to improve the performance of distributed feedback
(DFB) lasers [9]. A monolithic injection-locked two-section
DFB laser attained a resonance frequency of 25 GHz [10].
A 30-GHz resonance frequency was observed in the optical
spectrum of an injection-locked DFB [11].

In this paper, we report a systematic and comprehensive
study of experimental and theoretical results demonstrating
that injection-locked VCSELs are a promising candidate for
high-bandwidth microwave transmitters. Using OIL, VCSELs
have exceeded the performance of all directly modulated lasers
demonstrated to date. We show that f,. of a VCSEL can be in-
creased from <10 GHz in the free-running mode to >50 GHz,
currently limited by our equipment [12]. The increased f,
reduces the nonlinear distortion and laser noise in the commu-
nication band (e.g., <40 GHz) [13]. Finally, injection locking
also increases the RF link gain by as much as 20 dB.

This paper is organized as follows. Section II introduces OIL.
Section III describes the resonance frequency enhancement and
frequency response of VCSELSs. Section IV describes the RF
link gain enhancement due to OIL. Section V discusses the
laser distortion and measured spur-free dynamic range (SFDR).
Section VI discusses the laser relative intensity noise (RIN).

II. OIL

OIL was first demonstrated in 1976 using edge-emitting
semiconductor lasers [14] and, in 1996, using VCSELs [15].
The injection-locking technique uses one laser (master) to
optically lock another laser (follower), which can be directly
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modulated. This technique is an effective method to signifi-
cantly increase the laser resonance frequency and bandwidth
[9], [16], reduce nonlinear distortions [17], and reduce fre-
quency chirp [18].

Using a VCSEL as the follower and a high power (~40 mW)
DFB laser as the master, we can achieve injection locking with
an ultrahigh injection ratio, i.e., the master laser power being
much higher than that of the follower. The motivation for using
a high injection ratio is that the resonance frequency is expected
to scale approximately as the square root of the injection ratio
[19]. No limit has been predicted to the increase in frequency
response. This is a major difference from previous experiments
by other research groups.

Another major distinction between our study and other
previous research is that we insisted on using pure single-mode
lasers as both master and follower lasers. Both lasers have single
transverse, longitudinal, and polarization modes. The reason
we have chosen single-mode lasers is because our experiments
with multimode follower lasers in the ultra-strong injection
regime have shown inconsistent results due to an overlap in the
locking ranges, which leads to mode competition. Furthermore,
the single-mode system is easier to model [20]. The use of a
multimode master laser has not been investigated by our group.

Let us first define two major control parameters used in
this series of experiments: injection ratio and wavelength
detuning. The injection ratio is Puaster/ Prollower, Where P
is optical power; it is measured as the ratio of optical power
estimated to be incident on the VCSEL versus the output
power of the free-running VCSEL. Wavelength detuning is
Amaster — Aollower, Where A is the optical wavelength; it is
measured as the wavelength difference of the master DFB laser
and the free-running VCSEL. We have previously shown that as
the injection ratio is increased, the wavelength detuning range
for the stably locked region is increased [8]. In the current
ultrahigh injection experiments, a locking bandwidth of >2 nm
was observed. As the injection ratio is increased, we found
that larger performance improvements can be achieved (details
discussed below). In addition, the performance enhancement
becomes less sensitive to unintentional variations of the power
ratio or detuning, showing the effectiveness and robustness of
the technique [8]. In particular, VCSELs have a short cavity,
thus a higher coupling rate coefficient k. = ¢v/1— R/2 nL
(approximately 1 x 10*? s~') with which a much higher ef-
fective injection ratio can be attained. Due to these advantages,
we have shown dramatic enhancements using injection-locked
VCSELs in the resonance frequency [21], [22], significant
reduction in optical chirp [8], laser noise [23], and nonlinear
distortions [24], and promise for un-cooled operation [25].
Thus far, we find that the performance continues to improve
with injection ratio. Thus far, no upper bound was observed
within our instrumentation limit.

An explanation for these performance enhancements has re-
cently been studied by several groups [19], [20]. Our under-
standing of the effects is as follows: under injection locking,
the threshold current of the follower laser is reduced. The re-
fractive index of the active region is increased due to the re-
duction in carrier density (by the Kramers—Kronig relationship),
which thus red shifts the cavity resonance in spite of the fact

PM Fiber Circulator Optical
Master Laser| port 1 Port 3 Spectrum
(DFB) Analyzer
10/90 Coupler
Port 2
EDFA
DC Bias , —
Coupling lenses
Photodiode
Follower Laser
(VCSEL)
DC Bias Bias T Network Analyzer
Fig. 1. Experimental setup. The 1.55-pm VCSEL was injection locked by a
g P P Z j y

DEFB laser through a PM circulator. The frequency response was characterized
by an Agilent E8364A 50 GHz network analyzer. The injection locking
spectrum was observed by an optical spectrum analyzer.

that the lasing wavelength is locked by the master laser at the
original cavity wavelength. The shift in the wavelength of the
laser cavity mode strongly depends on the wavelength detuning.
As well, the difference between the OIL lasing wavelength and
OIL cavity wavelength depends on injection ratio; the higher
the injected stimulated emission, the larger the difference. The
enhancement in relaxation oscillation was attributed to a new
resonance, which has a frequency being the difference in cavity
wavelength versus the lasing wavelength [19]. This leads to in-
jection-induced population pulsations at the new resonance fre-
quency [23], and the detuning plays a major role in determining
this resonance frequency. The enhancement in the RF gain oc-
curs when the follower laser is modulated at a frequency less
than or equal to the difference; in this case, one sideband (longer
wavelength side) of the modulated signal is greatly amplified by
the interaction of the signal with the cavity mode. This, we be-
lieve, is the origin of the RF gain under an ultrahigh injection
ratio. The details of this theory are under development [26].

The experimental setup used for the studies is shown in Fig. 1.
Two lenses (f = 4.5 mm) on micropositioning stages were used
to couple the light between the VCSEL and port 2 of the fiber
circulator. The circulator is used to prevent optical feedback to
the master laser.

The master laser is an Ortel DFB laser (RIN <—165 dB/Hz)
with a polarization maintaining (PM) single-mode fiber output.
Its light was injected to the VCSEL via a PM circulator. The
wavelength detuning and injection ratio were adjusted by tuning
the DFB temperature and bias current. The polarization of the
DFB signal is adjusted to match that of the VCSEL by rotating
the circulator port-2 fiber.

Two types of VCSELs were used in this study as follower
lasers. The first type were 1.55-pum InGaAlAs/InP buried tunnel
junction (BTJ) VCSELs with five quantum wells, typically
with >25-30-dB side-mode suppression ratio under continuous
wave (CW) operation [27] manufactured by Vertilas GmbH,
Munich, Germany. The typical f,. was approximately 6 GHz
at ~2x threshold bias. The second type of VCSELs were
tunable 1.55-pm VCSEL with a threshold approximately 1 mA
manufactured by Bandwidth9 Inc., Fremont, CA [28].
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Fig. 2. Small-signal frequency response (S21) of free-running and
injection-locked BTJ VCSEL #1 for varied wavelength detuning values.
The free-running f,. (~7 GHz, 2-mA bias) is also shown as the reference.
The injection ratio is fixed at 13.8 dB. Thick dotted curves are calibrated
521 data, while the thin solid curves are curve-fitted data.

III. FREQUENCY RESPONSE OF INJECTION-LOCKED VCSELs

Here, we present experimental results demonstrating a
drastic frequency-response enhancement in VCSELs. The
follower lasers used in this experiment and in Section IV are the
Vertilas GmbH BTJ VCSELs. The VCSEL was biased at 2 mA
(~2x threshold) and directly modulated. The small-signal
frequency response (S21) was characterized using an Agilent
E8364A 50-GHz network analyzer.

The modulated VCSEL output was amplified using an
erbium-doped fiber amplifier (EDFA) and detected using a
50-GHz 1%t Photonics waveguide photodiode. Simultaneously,
we observed the injection-locking optical spectrum, as well
as measured the RF gain without EDFA amplification by
modulating the laser with a 1-GHz single tone. The S21 data
have been calibrated with the device and packaging parasitic
response deembedded [21]. The experiments were conducted
at room temperature without VCSEL temperature stabilization.

One distinct feature of optically injection-locked lasers is that
the damping and resonance frequencies can be independently
controlled by adjusting the injection ratio and wavelength de-
tuning. Thus, a nearly arbitrary choice of damping rate and res-
onance frequency is possible. One can customize the frequency
response to yield a flat response (highly damped) or one with
a sharp resonance (undamped). Recent numerical simulations
confirm these phenomena [20].

Representative S21 spectra are shown in Figs. 2 and 3. Fig. 2
shows the S21 spectra for a free-running VCSEL and when it
is injection locked at a fixed injection ratio of 13.8 dB for var-
ious detuning values. The f, is enhanced to 50 GHz, limited by
our instrumentation, from the free-running 6 GHz. The lowest
damping (sharpest resonance peak) occurs for the most negative
wavelength detuning values (—0.312 nm, i.e., the master laser
has a shorter wavelength). As the detuning increases (i.e., the
master laser is tuned to the longer wavelength side), the reso-
nance peak is more damped out, and flatter S21 responses are
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Fig. 3. Small-signal frequency response (S21) of free-running and

injection-locked BTJ VCSEL #1 for varied injection ratio ranging from
9.8 to 13.8 dB. The detuning is for negative wavelength detuning at the edge
of locking.

observed together with an increasing RF gain. The highest in-
jection-locked f,. observed for this injection power is ~50 GHz.

In the experiments, we defined the edge of the locking range
on the negative wavelength detuning side to be that where a
30-dB optical side-mode suppression ratio was observed. The
negative wavelength locking edge is actually a gradual transi-
tion via a Hopf bifurcation [29], and detuning past this boundary
results in the appearance of a second optical mode. For con-
tinued negative detuning, the resonance frequency continues in-
creasing, but the laser response becomes less damped and a
dip in low frequency appears in the S21 curve. Thus, for fur-
ther detuning, the laser undergoes undamped oscillations at the
resonance frequency and becomes less suitable for broad-band
applications.

Fig. 3 shows the S21 spectra for the same VCSEL with a
varied injection ratio. The data is taken at the edge of locking
for a negative wavelength detuning. The resonance frequency
is shown to increase from 25 to 50 GHz for an injection ratio
ranging from 9.8 to 13.8 dB.

In this study, a set of four lasers was tested. Fig. 4 shows
the maximum f,. obtained at the lowest (negative) detuning as a
function of the injection ratio for all four VCSELSs tested. The
resonance frequency increases with the injection ratio and all
lasers have f,. higher than 45 GHz. The variation in the curves
is attributed to optical coupling differences, as well as varia-
tions in laser-mode behaviors under injection locking. For even
higher injection ratios, a flat frequency response was observed,
indicating a resonance frequency beyond 50 GHz was present.
No upper bound in the enhancement has been observed. In com-
parison to experiments performed on edge-emitting lasers, VC-
SELs have a higher coupling coefficient, and the slope of the
resonance enhancement versus the injection ratio is higher.

The resonance frequencies observed by other groups is
also plotted in Fig. 4. The first experimental demonstration
of resonance frequency enhancement (with a measured S21)
was by Meng et al. in 1998 [9], [17] using a DFB laser. Other
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Fig. 4. Comparison of the resonance frequencies reported in literature.
The experiments in this paper are for the four VCSELs (labeled VCSEL
1-4). The points are the maximum resonance frequencies (determined from
curve-fitted measured small-signal frequency response) for the four VCSELs
versus injection ratio. All lasers show >45-GHz resonance frequency.
The other points are for experiments by other groups (referred by author/date).
For points marked with an asterisk (*) in the legend, the injection ratio was
estimated based on provided information.

groups performing similar experiments have included: Lu et al.
in 2003 with a DFB laser [30], and Barry et al. in 2001 with a
Fabry—Perot (FP) laser [31]. Using an optical probe technique
to determine the modulation bandwidth, enhancements in FP
lasers were demonstrated by Simpson and Liu in 1997 [32], and
in DFB lasers by Hwang et al. in 2004 [11]. Monolithic injec-
tion locking of DFB lasers has shown resonance frequencies of
23 GHz [10]. Finally, injection locking using VCSELSs has been
used by Lu et al. in 2004 for radio-over-fiber systems utilizing
the enhanced resonance frequency [33]. As can be seen in
Fig. 4, there is a substantial variation in the injection ratios for
the various experiments summarized. The variation is attributed
to difficulties in experimentally determining the injection ratio
due to: 1) coupling loss; 2) varying device parameters such as
reflectivity; 3) photon lifetime; and 4) coupling rate. Finally,
different authors have used different definitions for the injection
ratio. However, the trend is clear; the higher the injection ratio,
the higher the resonance frequency.

Fig. 5 shows f, as a function of detuning for the four lasers
studied. The lasers exhibited similar detuning dependence and
locking range, demonstrating the robustness of this technique.

IV. RF LINK GAIN ENHANCEMENT OF OIL VCSELSs

Figs. 2 and 3 reveal an interesting phenomenon for VCSELSs
under ultrahigh injection locking. A very large modulation
efficiency (RF gain) enhancement is attained at lower frequen-
cies for typically positive wavelength detuning (i.e., master
wavelength is longer than follower wavelength). This had never
been predicted before our study [24]. The reason for the RF
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Fig. 5. Resonance frequency of four VCSELs versus wavelength detuning.

Large resonance frequencies were obtained at small and negative wavelength
detuning values. (Legend: FR is free running, decibel values are injection ratios.)

gain effect and its dependence on detuning is currently under
investigation.

This effect is studied more comprehensively here. The
modulation efficiency of the free-running BTJ VCSEL used
in Section IIT is 0.22 W/A [27]. For a large injection ratio
(~14 dB), the enhancement is up to 20 dB at large positive
detuning (~1.2 nm), resulting in a modulation efficiency of
2.2 W/A, or an equivalent 2.75 photons generated per elec-
tron—hole pair.

Under a fixed injection ratio, the RF gain varies with de-
tuning. The minimal value is at small or negative wavelength
detuning associated with frequency response curves showing a
sharp resonance peak. On the other hand, the maxima RF gain is
obtained at large positive wavelength detuning values accompa-
nied by frequency-response curves with high damping rates, as
shown in Fig. 2. Hence, there exists a tradeoff between f, and
RF gain. Fig. 6 shows the RF gain as a function of wavelength
detuning. The correlation between RF gain enhancement and
wavelength detuning is clearly visible. However, we achieved
a large wavelength detuning range with RF enhancement for
VCSELs with ultrahigh injection.

The maximum RF gain enhancement keeps increasing as we
increase the injection ratio. Fig. 7 shows the enhancement versus
injection ratio. The RF gain was measured for a small-signal
input of —20 dBm at 1 GHz. The modulation efficiency also in-
creases with increased injection ratio, reaching a maximum of
~2.2 W/A at the highest injection ratio studied. In this case, the
system link gain was —41 dB when the laser was free running,
and increased to —19 dB when it was injection locked at an in-
jection ratio of ~10 dB. The optical coupling in our experiments
was not completely optimized, resulting in a poor free-running
VCSEL RF link gain of —41 dB. In comparison, a single DFB
with a slope efficiency of 0.36 W/A achieved a link gain of
—10.5 dB [34]; thus, with optimal coupling, we expect that the
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Fig. 7. Experimental RF gain enhancement versus injection ratio for VCSEL
5. The detuning values chosen were those that resulted in the highest RF gain,
i.e., at the positive wavelength locking edge.

link gain can be further improved by ~10 dB, above the 20-dB
enhancement due to ultra-strong injection locking.

The RF gain can be numerically validated by simulations by
varying some of the laser parameters. However, the effect has
not yet been satisfactorily explained. The enhancement is pos-
sibly due to the optical cavity frequency being shifted away
from the lasing wavelength due to injection locking. The cavity
shift can be much larger (~100 GHz) than the cavity bandwidth
determined by photon lifetime (~10 GHz), leading to modi-
fied laser dynamics. As well, the carrier density is significantly
reduced, thus the device operates at a higher differential gain
regime.

In addition to small-signal response, we recently performed
large-signal modulation experiments. In the lasers tested, an
optical extinction ratio of ~20 dB was attainable [28] for the
ultra-strong injection ratio cases with greater than 30-GHz f,..
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Fig. 8. Two-tone SFDR improvement at 50 °C ~0.2-nm detuning and

1.0-GHz modulation. Two-tone frequency spacing = 10 MHz. Inner lines for
free running and outer lines for injection locked.

V. DISTORTION AND DYNAMIC RANGE OF OIL VCSELS

Typical optical link linearity is characterized by the SFDR.
It is defined as the signal-to-noise ratio at the input RF power
for which the system noise floor equals the largest distortion
spur power. Distortion occurs from several sources, including
second- and third-order harmonics of the signal, and the in-
termodulation distortion (IMD). For device studies, the stan-
dard technique is to characterize the third-order intermodulation
(IMD3) products due to two-tone modulation.

Nonlinear distortion has been shown to be inversely propor-
tional to the resonance frequency [4]. Hence, with the increased
fr» injection-locked lasers are promising for exhibiting reduced
nonlinear distortion. Experiments and simulations showing de-
creased distortion and improved IMD3-limited SFDR using in-
jection locking are described here.

The highest IMD3 SFDR reported for a direct-modulated
diode laser at ~1 GHz is 125 dB - Hz%/3 for <1 GHz for a
1.3-pm DFB laser [36], and 113 dB - Hz2/3 at 0.9 GHz for an
850-nm VCSEL [37].

Here, we demonstrate both experimentally and theoretically
that large SFDR improvements can be attained for a wide range
of modulation frequencies from 0.6 to 3.0 GHz for an OIL
VCSEL [13]. We also observed a linear relationship between
dynamic-range enhancement and the injection ratio. We at-
tribute these major improvements to an ultrahigh injection ratio.

A. Experiments

Fig. 8 shows that a significantly improved IMD3 SFDR of
~106 dB - Hz%/3 at 1 GHz [25] was obtained for an injection-
locked 1.55-pm VCSEL. This was measured using two-tone
modulation. A 20-dB enhancement in the SFDR was attained.

The experimental setup for the distortion measurements is
similar to that shown in Fig. 1, except that two RF synthe-
sizers were used to directly modulate the VCSEL, and the
output signal was characterized using an HP71400C light-
wave analyzer. The VCSEL used for this experiment was a



CHROSTOWSKI et al.: MICROWAVE PERFORMANCE OF OPTICALLY INJECTION-LOCKED VCSELs 793

Free-running

-100 -

RF Output (dBm)
8

20} Zi= N N 7 /
E e — =N ™
N | . N N2 PP | N
0.5 1.0 1.5 2.0 25 3.0
Frequency (GHz)

Fig. 9. Experimental modulation response and two-tone IMD3 distortion
versus carrier frequency with RF input —8 dBm and D ; = 10 MHz. Data were
taken for free-running, as well as injection-locked laser at different injection
ratios (in decibels).

Bandwidth9 Inc. tunable VCSEL. This VCSEL was biased at
2 mA, and directly modulated with RF signals at a 10-MHz
spacing. It was found that the device suffered from parasitic
response due to the wire bonding and ceramic packaging. Thus,
the RF input power was adjusted to compensate for the parasitic
power loss at different frequencies. The parasitic response was
determined by the technique described in [21].

The VCSEL'’s free-running f, was 2 GHz and, with injection
locking, it was increased to 10, 15, 20, and >22 GHz for injec-
tion ratios of 1, 4.5, 7, and 10 dB, respectively. Wavelength de-
tuning values were chosen to be close to the positive edge (the
master laser is on the longer wavelength side of the free-run-
ning VCSEL) at which RF gain enhancement tends to be larger
[35]. For a —8-dBm two-tone input at frequencies from 0.6 to
3.0 GHz, the output powers at one of the fundamental frequen-
cies and at one of the IMD3 product frequencies are shown in
Fig. 9 for the free-running condition (solid lines) and for various
values of injection ratio (dashed lines).

It is interesting to note that, for the free-running laser, the
IMD peaks at the resonance frequency, and a “shoulder” is ob-
served at half f,.; in this case, 1.0 GHz [29]. We observed a very
large modulation efficiency enhancement with increasing injec-
tion ratio ranging from 0.5 dB for the low injection ratio to as
high as ~16 dB for the highest injection ratio 10 dB. In addition,
the distortion is reduced by from 11 to 19 dB. The measured dis-
tortion is source instrument limited, as evidenced by the similar
oscillations that we observed in the measurement of the IMD of
two synthesizers.

The SFDR enhancement is determined by the RF gain en-
hancement plus one-third of the distortion reduction; thus, the
RF gain significantly contributes to the SFDR enhancement.
Fig. 10 shows the SFDR improvement for varying injection ra-
tios. The experiment demonstrates that an increasing injection
ratio leads to an increasing SFDR. Note that this SFDR im-
provement does not include the potential reduction in RIN [39].
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Fig. 10. Experimental SFDR enhancement versus injection ratio (square data
points, top x-axis) at half the resonance frequency (1 GHz) for a VCSEL at
various injection ratios relative to the free-running case. Numerical simulation
of SFDR enhancement (circle data points, bottom z-axis) at half the resonance
frequency (2.4 GHz). The data are plotted on two separate x-axes (same scale)
to demonstrate that the experiment and the simulation match in trend and slope.

We were unable to measure RIN accurately in this case because
of high coupling loss. Hence, the SFDR improvement reported
here can be considered as a lower bound.

B. Simulations

Theoretical predictions for the distortion of an injec-
tion-locked laser have shown that a small reduction in distortion
is possible for some injection conditions [40]. The injection
conditions studied, however, were for a low effective injection
ratio, limited to typical edge-emitting laser injection-locking
parameters. In the case of surface-emitting lasers, since the
cavity length can be ~300x smaller than the edge emitters,
even with a 99% reflectivity, the coupling coefficient k. can be
~20x larger. We performed numerical simulations for the case
of the injection-locked VCSEL under very strong injection con-
ditions, and demonstrate that a very large distortion reduction
is possible. We also confirm RF link gain enhancement.

Simulations of S21 and IMD3 of both the free-run-
ning and injection-locked laser have been performed using
laser rate equations [8]. The master laser was assumed
to be noise free. The free-running f, is 4.8 GHz. The
parameters used for the simulations were: 1) coupling
rate k. = 3.8 x 10'2s~!; 2) photon and carrier lifetime
t, =2 x 107 s; ¢, = 2 x 1079 s; 3) linewidth enhancement
factor a = 3; 4) differential gain (dg)/(dn) = 2 x 10716 cm?;
and 5) a bias of 4 mA. In the simulation, a frequency spacing
of 100 MHz was chosen to reduce the numerical computation
time by 10x where, as in the experiment, a 10-MHz spacing
was used. The distortion simulated only considers the distortion
originating from the rate equations (i.e., due to the relaxation
oscillations). Other origins of distortion, such as lateral carrier
diffusion and spatial hole burning, have not been considered,
as it has been numerically predicted that they have a negligible
effect on injection-locking performance [41]. These effects,
however, may become important when investigating distortion
enhancement at even higher injection ratios.
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Fig. 11. Numerical simulation results for modulation response S21 and

two-tone IMD3 versus frequency. The two-tone spacing is A f = 100 MHz.

Fig. 11 shows the simulated results for the signal and dis-
tortion frequency response. The thick curves are the S21 (top
solid) and IMD?3 (bottom dotted) of the free-running laser, while
the thin curves are those under various injection ratios. The
wavelength detuning is chosen to be at the positive edge of
locking. As can be seen, the modulation efficiency is increased
as the injection ratio increases; meanwhile, the IMD3 is sup-
pressed, which is consistent with the experimental results. For
very high injection ratios, substantial suppression of the IMD3
is observed.

The simulation results for the SFDR improvement versus
injection ratio are shown in Fig. 10. They are plotted for the
2.4-GHz signal (which is half of the free-running resonance
frequency of 4.8 GHz) as a function of injection ratio for a
wavelength detuning that is near the positive edge of the locking
range. For consistency, the comparison between the experi-
mental and numerical results was done at half the resonance
frequency.

The experimental and simulation results are comparable in
trend. The simulation predicts that a very large dynamic range
can be achieved for a high injection ratio. The slope of the en-
hancement versus injection ratio is ~ 1 dB/dB. This suggests that
experimentally increasing the injection ratio ~8 dB higher (i.e.,
~18-dB injection ratio) would result in an SFDR enhancement
of 30 dB.

The discrepancy on absolute enhancement versus injection
ratio between simulation and experiment is in part due to the
difficulty in accurately measuring the injection ratio parameter.
The injection ratio is defined as the ratio between injection
power into the VCSEL versus the free-running power. In
the case of the VCSEL, the high reflectivity mirror may be
increasing the coupling loss; thus, a higher injection power
would be required to achieve the predicted results. As well,
the VCSEL parameters chosen for the rate equation do not
necessarily accurately describe the VCSEL used in the experi-
ment. Further studies to determine the VCSEL parameters and
injection ratio could be performed using the injection-locking
four-wave mixing technique described in [42].
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Fig. 12. Experimental results of the laser RIN. The thick curve is the RIN for
the free-running laser. Legend indicates (injection ratio, wavelength detuning)
values. The thin curves are RIN for injection-locked VCSELSs at two injection
ratio values for varied wavelength detuning values.

VI. RIN ofF OIL VCSELs

OIL has been reported to reduce laser RIN for VCSELs and
FP edge-emitting lasers [23], [43]. For a RIN-limited radio-
over-fiber system, this implies an even higher SFDR. In this ex-
periment, a Vertilas BTJ VCSEL VCSEL was used and biased
at 1 mA. Due to the high fiber coupling loss, the optical signal
was too weak to directly observe the laser noise (<—10 dBm).
An EDFA followed by an optical filter were used to amplify the
noise signal. An HP 71400C lightwave signal analyzer was then
used to measure the RIN of the injection-locked VCSEL.

The RIN spectra of the injection-locked VCSEL at different
injection conditions are shown in Fig. 12. The RIN spectrum
of the free-running VCSEL is also shown as the reference at a
1-mA bias (~2x threshold for this device). The RIN peaks of
both free-running and injection-locked conditions are in agree-
ment with resonance frequencies in the small-signal modulation
response of the laser. For an injection ratio of 8§ dB, RIN data
for varied detuning is shown. As the detuning is reduced (to
shorter wavelength side), the resonance frequency is increased
and less damped. A large RIN reduction at the low frequency
regime (0-13 GHz) is observed due to increased f,.. However,
it is relatively constant over a large frequency span, even at the
very low-frequency region, and is limited by EDFA noise. At
higherinjectionratios (10 dB), the resonance frequency increases
beyond the instrumentation limit, and the noise is reduced over
nearly the entire visible frequency band. The RIN reduction
can be intuitively understood as the following: when the laser
is injection locked, fewer carriers are needed to achieve lasing
threshold. The spontaneous emission of the laser and, therefore,
itsnoise, isreduced. However, the increased resonance frequency
enhancement is the most important reason that the noise value
is decreased at the low-frequency regime since the noise peak
is moved to higher frequencies. The combination of these two
factors results in the RIN reduction of an injection-locked laser.
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TABLE 1
MICROWAVE PERFORMANCE OF OIL VCSELs.
(*LIMITED BY AVAILABLE INSTRUMENTATION)

Performance Enhance-

. OIL VCSEL | OIL DFB
Metric ment
Resonance 5-10X 50 GHz* 30 GHz [11]
Frequency
Intrinsic 5+ X 35 GHz [11]
Modulation BW > 50 GHz
Modulation 10X
Efficiency 2.2 WIA
RF Link Gain 20dB -19dB
n 73
Spur-free Dynamic 20dB 106 dB-Hz2" 100 dB-Hz
Range [17]
Relative .Intensuy 15 dB -140 dB/Hz* -170 dB/Hz
Noise [30]

VII. CONCLUSION

To summarize, we have reported a thorough study on the mi-
crowave performance of OIL VCSELSs. The use of an ultrahigh
injection ratio results in a high resonance frequency, which leads
to significant performance improvements including enhance-
ments in bandwidth, RF link gain, dynamic range, and reduction
in laser noise. The performance and enhancements of OIL VC-
SELs is summarized in Table I. All enhancements, except the
50-GHz resonance frequency, were obtained for a large positive
wavelength detuning, for high injection ratio, and are observable
simultaneously. For the large detuning values, the resonance fre-
quency was enhanced to ~30-40 GHz.

A record resonance frequency of 50 GHz is achieved with
polarization-maintained injection locking of a BTJ 1.55-pm
VCSEL. We demonstrated this behavior for four devices with
all devices showing an initial free-running resonance frequency
below 10 GHz. The intrinsic bandwidth of the injection-locked
VCSEL is >50 GHz. We show that the resonance frequency
scales with increasing injection ratio, and is expected to in-
crease for even higher injection ratios.

Under the ultra-strong injection conditions, we attain up to
20-dB RF link gain enhancement. This corresponds to a modu-
lation efficiency enhancement from 0.22 to 2.2 W/A. The mod-
ulation efficiency increases with increasing injection ratios.

We demonstrated both experimentally and numerically that
injection locking is effective in reducing distortion, thereby
improving the SFDR of a directly modulated laser. An OIL
VCSEL with an IMD3 SFDR of 106 dB - Hz?/3 at 1 GHz was
achieved, representing an SFDR increase of 20 dB. A large dy-
namic range was observed as well over a wider frequency band
of 0.6-3.0 GHz. The SFDR improvement is shown to linearly
increase with injection ratio. Similarly, the SFDR enhancement
increases with increasing resonance frequency and RF gain.
We expect that a 30-dB enhancement could be observed with a
higher injection ratio.

Injection locking was shown to reduce laser noise. The
VCSEL RIN peak was moved to higher frequency, leaving a
low noise (~—140 dB/Hz) over a very broad frequency band
(0-13 GHz). The RIN reduction was ~15 dB at the free-run-
ning f, (6 GHz). This reduction in laser noise was not taken
into account when determining the SFDR enhancements, thus
an even larger enhancement is expected if laser noise was taken
into account.

The results suggest that OIL VCSELs are a promising
high-performance solution for microwave photonic appli-
cations. OIL VCSELs may find applications in low-cost
radio-over-fiber distribution systems such as cellular telephone
signals (global system for mobile communications (GSM)
requires ~90 dB - Hz*/* dynamic range) and wireless local
area networks (WLANSs) (802.11 x). For injection locking to
offer the enhancements described in this study, the resonance
frequency must be increased to a very high value, which is
achieved by using an ultrahigh injection ratio.
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