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Abstract—Generation of a broadly tunable narrow-linewidth
microwave subcarrier on an optical wave by exploiting the
nonlinear dynamics of a semiconductor laser through a proper
combination of optical injection and optoelectronic feedback
is experimentally demonstrated. The microwave frequency is
generated by the period-one oscillation of an optically injected
semiconductor laser. It is tuned in the range from 10 to 23 GHz
by varying the optical injection strength, and its linewidth can
be narrowed by optoelectronic feedback alone. The linewidth
is reduced from the range of 40–120 MHz without stabilization
by three orders of magnitude to the range of 10–160 kHz with
stabilization through optoelectronic feedback alone. The effect of
a small microwave modulation is also investigated. It reduces the
linewidth to below the 1-kHz resolution limit of our instrument.

Index Terms—Microwave generation, narrow linewidth, non-
linear dynamics, semiconductor laser, tunable.

I. INTRODUCTION

GENERATION of a tunable microwave subcarrier on an
optical wave for various photonic and optoelectronic ap-

plications has long received great attention [1]–[4]. The simplest
approach is direct current modulation of a semiconductor laser
with a microwave source. However, due to intrinsic and par-
asitic constraints, both modulation frequency and modulation
amplitude of direct microwave modulation on a semicon-
ductor laser are very limited. Various approaches have been
investigated to generate optical waves carrying microwaves
using semiconductor lasers without direct modulation. One
approach exploits the nonlinear dynamics of a semiconductor
laser to generate the microwave internally. The period-one
oscillation of a slave laser under strong optical injection is
used. By properly varying the injection strength, the frequency
detuning, or both, the microwave frequency generated through
the period-one oscillation can be tuned continuously over a
wide range up to 3 or 4 times the intrinsic resonance oscillation
frequency of the slave laser [5]. While broadly tunable, this
microwave generally has a relatively large linewidth on the
order of 10–100 MHz, hampering its usefulness to many ap-
plications that require a narrow linewidth. Using an externally
applied microwave that is tuned to the period-one oscillation
frequency, this microwave subcarrier can be stabilized by a
double-lock technique demonstrated by Simpson and Doft [1].
Using this technique, a microwave subcarrier that is tunable
from 9.5 to 17.1 GHz with a linewidth below the instrument
resolution limit of 1 kHz is obtained with an optically injected
semiconductor laser [1]. Further stabilization of the microwave
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is accomplished through a phase-lock loop to lock the phase of
the microwave subcarrier to an external microwave [6]. Another
approach uses an optical heterodyne of two lasers to generate
the microwave at their difference frequency [2], [3]. In order
to stabilize the microwave frequency, one laser is externally
modulated and is optically injected into the other laser. The
slave laser is then stably injection locked to a sideband of the
master laser. Further stabilization can also be done by an optical
phase-lock loop [2]. An optical wave carrying a microwave
frequency of 4–60 GHz with a minimal linewidth of less than
1 kHz is demonstrated in such a system [4].

All of the above-mentioned methods require an external
microwave source as a frequency reference to stabilize the
microwave subcarrier frequency. For many applications, it is
desirable to eliminate the external microwave source. In this
work, we experimentally investigate the possibility of using
the nonlinear semiconductor laser dynamics, without any ex-
ternal microwave source, to reduce the linewidth of the tunable
microwave subcarrier generated by the period-one oscillation
of an optically injected semiconductor laser. In particular,
stabilization of the microwave frequency in an optical injection
system subject to optoelectronic feedback is examined. Optical
injection is responsible for the generation of the tunable mi-
crowave subcarrier through period-one oscillation under proper
injection conditions, as described in [1] and [5]. Optoelectronic
feedback, instead of an external microwave source, is employed
for frequency stabilization.

The optoelectronic feedback loop resembles an optoelec-
tronic oscillator (OEO) [7]–[12]. An OEO uses a laser source
that pumps an electrooptic modulator, the modulated light is
detected by a photodetector and the electrical signal in turn
drives the modulator. The optoelectronic feedback loop is
essentially a microwave cavity, so oscillation is maintained
when the open-loop gain reaches and saturates at unity. Highly
stable oscillation is attained without an external reference by
using a long optical delay line to increase the quality factor
[12]. The optical spectrum usually consists of the main peak
from the pump and two small sidebands from the modulator
[9], although mode-locked operation can also be realized by
incorporating the laser into the OEO loop [10], [11]. However,
the work reported here is fundamentally different from an OEO
in a few aspects. The optically injected laser in period-one
dynamics is by itself a microwave oscillator. In this state, the
microwave gain of the slave laser is already saturated even
without the optoelectronic feedback. Instead of producing the
microwave oscillation, the feedback loop provides the delayed
replica of the microwave signal to injection lock the existing
oscillation. The optical spectrum consists of two optical lines,
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which can be tuned in frequency separation and relative ampli-
tude by adjusting the optical injection parameters. In particular,
two coherently locked optical lines of equal amplitudes can be
generated. As a result, the setup is believed to be complemen-
tary to the OEO in applications that require two strong optical
lines.

Under different operating conditions, an optically injected
semiconductor laser can be found in many different dynamical
states, such as stable injection locking, period-one oscillation,
period doubling, period quadrupling, and chaos [13], [14]. The
period-one oscillation frequency increases with the injection
strength [5], [14]. A semiconductor laser subject to optoelec-
tronic feedback also have many different dynamical states,
including stable oscillation, periodic pulsing, quasi-periodic
pulsing, and chaotic pulsing [15], [16], which are very different
from those of an optically injected laser. The combination of
optical injection and optoelectronic feedback increases the
complexity and enriches the nonlinear dynamics of a semi-
conductor laser [17]. Thus, it is entirely not straightforward to
expect in advance that adding optoelectronic feedback to an
optically injected semiconductor laser in period-one oscilla-
tion can stabilize the oscillation to narrow the microwave
linewidth [19].

In this paper, we demonstrate experimentally through de-
tailed, quantitative studies that the linewidth of a tunable
microwave subcarrier generated by period-one oscillation of
an optically injected semiconductor laser can be substantially
reduced by proper optoelectronic feedback at a strength small
enough not to drive the system into highly complex dynam-
ical states. The microwave frequency is tuned in the range
of 10–23 GHz with its linewidth reduced from the range of
40–120 MHz without stabilization by three orders of magni-
tude to the range of 10–160 kHz with stabilization through
optoelectronic feedback alone. The effect of a small microwave
modulation, both alone and in combination with the feedback, is
also investigated. Following this introduction, the experimental
setup for this study is described in Section II. The experimental
results of linewidth narrowing by optoelectronic feedback, as
well as detailed comparison of such results with those obtained
by external modulation and a combination of optoelectronic
feedback and modulation, are reported in Section III. This
paper is concluded by a summary of this research in Section IV.

II. EXPERIMENTAL SETUP

The experimental setup is schematically shown in Fig. 1. The
lasers used are single-mode distributed feedback (DFB) semi-
conductor lasers at 1.3- m wavelength. The master laser has a
threshold of 15 mA. It is biased at 112.5 mA and is tempera-
ture stabilized at 16.00 . The slave laser has a threshold of
18 mA. It is biased at 40.00 mA and is temperature stabilized
at 18.00 C. At this operating condition, the slave laser has a
resonance oscillation frequency of 10.25 GHz and a linewidth
enhancement factor of 3.2, both of which are experimentally
measured. Throughout the experiments reported in this paper,
the detuning of the master laser frequency from the free-running
frequency of the slave laser is fixed at 2.3 GHz, unless otherwise
specified. Only the optical injection strength is varied to tune the

Fig. 1. Schematics of the experimental setup. ML: master laser; SL: slave
laser; OI: optical isolator; HW: half-wave plate; VA: variable optical attenuator;
PBS: polarizing beam splitter; FR: Faraday rotator; L: lens; M: mirror; FC:
fiber coupler; OSA: scanning Fabry–Pérot optical spectrum analyzer; PD:
high-speed photodiode; A: microwave amplifier; S: microwave power splitter;
PSA: microwave spectrum analyzer; MA: variable microwave attenuator; MFS:
microwave frequency synthesizer.

period-one oscillation frequency of the slave laser under optical
injection.

The half-wave plates and the Faraday rotator are arranged
such that the master laser can inject into the slave laser, while
the slave laser output is completely transmitted through the po-
larizing beam splitter. A power meter is used to monitor the
master laser residue when the injection strength is varied
by the attenuator VA1. The normalized injection strength is
proportional to the square root of because is defined with
respect to the injection field amplitude [5]. A measured power of

W corresponds approximately to an injection strength
of . The slave laser output is coupled into a fiber
and is then detected by a high-speed photodetector of a 35-GHz
bandwidth. The current signal from the photodetector is ampli-
fied by two RF amplifiers with a 26.5-GHz bandwidth and is
then fed back to the slave laser through a bias tee. The optical
spectrum is monitored by a scanning Fabry–Pérot interferom-
eter that has a free-spectral range of 200 GHz and a finesse
greater than 5000. The RF power spectrum of the slave laser
output is monitored by an HP E4407B RF spectrum analyzer
that has a spectral range from 9 kHz to 26.5 GHz. The feed-
back strength can be varied by the microwave attenuator and
the optical attenuator VA2 for coarse and fine adjustment, re-
spectively. The optoelectronic feedback power that is sent to the
laser can be deduced from the microwave spectrum and the
setting of the microwave attenuator. The normalized feedback
strength is proportional to the output current of the detector
[15]. Because the feedback electrical power is proportional
to the square of the detector current, . At the given
operating conditions, dBm approximately corresponds
to , and dBm corresponds to .
The slave laser can also be modulated by a microwave frequency
synthesizer that sends a microwave power of into the laser.
The normalized modulation strength, , is related to in the
same way as is related to .

As will be seen in the experimentally recorded power spectra
discussed in Section III, the microwave spectral line has an
irregular structure that is formed with fluctuating structures
caused by the frequency jitter within the spectral line. Thus,
it is not possible to quantify the linewidth using the common
definition of full width at half-maximum, or 3-dB linewidth,
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because the spectral line does not have a clear shape, nor a
steady peak, when its spectrum is taken with a sufficiently
high resolution. To overcome this difficulty while having a
common quantitative standard for comparing the linewidths of
different spectra, we decide to account for the fluctuating nature
of the spectral structure by measuring the spectral linewidth
statistically using standard deviation. Thus, unless otherwise
specified, the linewidth quoted in this paper is the standard
deviation of the spectral power distribution, which is obtained
by converting a power spectrum taken experimentally in the
log scale into the linear scale and then calculating the standard
deviation of its spectral distribution in linear scales.

III. EXPERIMENTAL RESULTS

A. Optoelectronic Feedback

The effect of optoelectronic feedback at a proper feedback
strength that is able to significantly reduce the microwave
linewidth of period-one oscillation of the optically injected
slave laser is first studied. In this experiment, the detuning fre-
quency between the master and slave lasers is fixed at 2.3 GHz
while the optical injection power from the master laser into
the slave laser is varied by turning the variable optical attenu-
ator VA1 in Fig. 1. The optoelectronic feedback loop, which
includes the optical path and the electrical path in the loop, is
fixed at a total effective path length of 10 m for a corresponding
loop frequency of 30 MHz. The feedback strength is fixed at

. The optoelectronic feedback can be switched on
or off without affecting any other settings in the system. The
external microwave source is switched off at all time so that the
microwave subcarrier is generated entirely by the period-one
oscillation of the slave laser, and the linewidth narrowing is
caused completely by the optoelectronic feedback.

The optical spectra and the corresponding power spectra of
the slave laser at different optical injection strengths with the
optoelectronic feedback turned on or off are shown in Fig. 2.
The optical spectra are shown in the left column, and the cor-
responding power spectra are shown in the right column. The
center of all optical spectra at the zero frequency offset is set at
the free-running optical frequency of the slave laser. The center
of each power spectrum at the zero frequency is set at the fre-
quency of the period-one microwave frequency, which varies as
the optical injection strength is varied. The two traces in each
frame are taken under the same experimental conditions with
the optoelectronic feedback turned off for the upper trace and
turned on for the lower trace.

For Fig. 2(a) and (b), the slave laser is free running without
optical injection from the master laser. Thus, the upper trace in
Fig. 2(a) shows its free-running optical spectrum without any
external perturbation. The small peak at 4.5 GHz is due to the
high-order transverse mode of the Fabry–Pérot optical spectrum
analyzer and can be ignored. The power spectrum, which is cen-
tered at the relaxation resonance frequency of 10.25 GHz for
the free-running slave laser, appears flat for the narrow spectral
range shown in Fig. 2(b) because it is a broad spectrum without
a pronounced peak. When optoelectronic feedback is applied,
both optical and power spectrum show no significant changes,
as can be seen by comparing the lower traces in Fig. 2(a) and (b)
to the upper traces. Thus, the optoelectronic feedback alone at

Fig. 2. Optical and power spectra of the slave laser at different injection
strengths with the optoelectronic feedback turned on or off. The optical spectra
are shown in the left column, and the corresponding power spectra are shown
in the right column. The optical spectrum and power spectrum in each row are
taken under the optical injection strength indicated for the row. The optical
spectra are offset to the free-running slave laser frequency. The power spectra
are centered at the respective peak frequencies. The two traces in each frame
are taken under the same experimental conditions with the optoelectronic
feedback turned off for the upper trace and turned on for the lower trace. The
standard deviation linewidths are labeled.

the given strength is not strong enough to induce any interesting
dynamics.

For Fig. 2(c) and (d), the slave laser is optically injected
at . In the absence of optoelectronic feedback,
the slave laser is stably injection locked by the master laser at
the frequency offset of 2.3 GHz, as is seen in the upper trace
of Fig. 2(c). Its power spectrum shown in the upper trace of
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Fig. 2(d) is again centered at the relaxation oscillation frequency
with no significant structure. When the optoelectronic feedback
is turned on, the dynamics of the slave laser is changed from
stable locking to chaos. Energy is spread to a wide spectrum,
as can be seen from the optical spectrum in the lower trace of
Fig. 2(c). The corresponding power spectrum seen in the lower
trace of Fig. 2(d) is only a small fraction of a broad spectrum
that is characteristic of optical chaos.

As the injection strength is increased to in the
absence of optoelectronic feedback, the slave laserbegins to enter
period-one oscillation at the relaxation resonance frequency of
10.25GHz.Theoptical spectrumandpowerspectrumof this state
are shown in the upper traces ofFig. 2(e) and (f), respectively.The
power spectrum shows that the period-one oscillation peak just
begins to develop. When the optoelectronic feedback is applied,
it drives the system again into chaos, resulting in the broad op-
tical and power spectra seen, respectively, in the lower traces of
Fig. 2(e) and (f). The power spectrum exhibits a repetitive struc-
turewith characteristic spectralpeaksseparatingat30MHzof the
feedback loop frequency. Nevertheless, what is seen here is only
a small section of the broad power spectrum spreading beyond
10 GHz. It is also observed that with the feedback still applied, a
slight increment of the optical injection can drive the slave laser
into period-two oscillation before it enters the period-one state.
The period-doubling route and the characteristics of the broad
power spectrum indicate that the state is chaotic.

Further increasing the optical injection power enhances the
period-one oscillation and increases the oscillation frequency.
Meanwhile, the effect of optoelectronic feedback changes from
inducing chaos to stabilizing the oscillation by narrowing the
microwave frequency of the period-one oscillation. These sce-
narios are demonstrated in optical and power spectra shown
in Fig. 2(g)–(l) for three different injection strengths of

and , respectively. From the optical spectra
shown in Fig. 2(g), (i), and (k), it is seen that the slave laser
remains locked by the master laser at a detuning frequency of
2.3 GHz while the period-one oscillation frequency varies from
12 to 16 to 20 GHz as the injection power increases successively
through the three levels. The amplitudes of the optical spectral
lines also vary as the injection power varies. Very little change
is observed between the upper and lower traces of each optical
spectral frame, indicating that the dynamical state of the slave
laser is not much affected by the optoelectronic feedback. How-
ever, significant changes are seen in the power spectra shown
in Fig. 2(h), (j), and (l), where linewidth narrowing by three
orders of magnitude due to optoelectronic feedback is clearly
demonstrated by comparing the upper and lower traces of each
frame. These general characteristics remain effective as the op-
tical injection power is further increased as long as the slave
laser remains in the period-one state. Thus, it is demonstrated
that a fixed optoelectronic feedback loop at a fixed strength can
be used to stabilize the period-one oscillation with a significant
reduction in the microwave linewidth while the oscillation fre-
quency is tuned by varying an optical injection parameter such
as the injection strength.

The tunability of the microwave frequency and the linewidth
narrowing effect of the optoelectronic feedback are summarized
in Fig. 3(a) and (b), respectively, where the open circles are
data taken with the feedback turned off and the closed circles

Fig. 3. Microwave frequency and standard deviation linewidth versus optical
injection strength � . The open and closed symbols are data taken with the
feedback turned off and on, respectively. The gray and dark curves in (a) are the
linear regressions for the data shown as open and closed circles, respectively.
The data points in (b) for the narrowed microwave linewidth in the presence of
the feedback are all below 160 kHz and cannot be resolved in this plot.

are data taken with the feedback turned on. It is clearly seen in
Fig. 3(a) that the tunability of the microwave frequency is com-
pletely not affected by the optoelectronic feedback over the en-
tire range where the slave laser remains in the period-one state.
By contrast, Fig. 3(b) shows that the microwave linewidth is sig-
nificantly reduced by the optoelectronic feedback while the os-
cillation frequency is unchanged. The data points in Fig. 3(b)
for the narrowed microwave linewidth in the presence of the
feedback cannot be resolved in this plot because they fall below
160 kHz.

B. Feedback Strength

To study the dependence of the linewidth narrowing effect
on the optoelectronic feedback strength, the feedback strength
is varied while the slave laser is optically injected at a fixed
strength of and a frequency detuning of 2.3 GHz for
the period-one state that has the spectra shown in Fig. 2(i) and
(j). In this period-one state, the microwave frequency is 16 GHz
and the optical spectrum show two spectral lines of almost equal
amplitudes at the spacing of 16 GHz, as is seen in Fig. 2(i).

With all other operating conditions staying fixed, the feed-
back strength is gradually increased from zero. Fig. 4 shows
three power spectra that represent the quantitative sequence
of the linewidth narrowing effect by optoelectronic feedback.
For Fig. 4(a), no feedback is applied; the spectrum is just that
of the period-one oscillation generated by optical injection
alone. When a small feedback of is applied, a
spectrum of many equally spaced narrow lines, each of about
160-kHz linewidth, as shown in Fig. 4(b), is observed. The
frequency spacing in this spectrum is the feedback loop fre-
quency of 30 MHz for the effective loop path length of 10 m
when this spectrum is taken. To verify this characteristic, the
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Fig. 4. Power spectra centered at the peak microwave frequency of the
period-one oscillation of the optically injected slave laser for different feedback
strengths as labeled. The standard deviation linewidths are labeled.

Fig. 5. Standard deviation linewidth as a function of optoelectronic feedback
strength, � . The locking threshold is � = 0:01. The curve is the exponential
regression of the experimental data shown as solid circles.

feedback loop length is varied over the range of 7–15 m, lim-
ited by our experimental setting. It is found that the frequency
spacing in this spectrum changes accordingly. Clearly, at this
low feedback strength, the optoelectronic feedback is able to
narrow the microwave oscillation linewidth but is not sufficient
to lock it and suppress competing mode frequencies from
the feedback loop itself. As shown in Fig. 4(c), locking of
the period-one oscillation frequency by suppressing the side
mode frequencies is accomplished at a threshold feedback
strength of dBm . At this threshold
feedback strength, the microwave linewidth is narrowed to
about 160 kHz. When the feedback strength is increased, the
microwave frequency remains stably locked with a decreasing
linewidth. The experimentally measured linewidth as a function
of the feedback strength is shown in Fig. 5. It is seen that
the linewidth is narrowed to a range between 10 and 160 kHz,
depending on the feedback strength. The trend continues even

Fig. 6. Power spectra centered at the peak microwave frequency of the
period-one oscillation of the optically injected slave laser for different external
modulation powers as labeled. The threshold for stable locking is � = 0:009,
shown in (c). The standard deviation linewidths are labeled. The linewidth in
(c) cannot be resolved by the 1 kHz resolution limit of the instrument.

in the unlocked range, but the side modes are not suppressed,
as in Fig. 4(b). Note that the narrowed linewidth is actually
determined by the broadening due to the frequency jitter within
the linewidth. Thus, the data in Fig. 5 indicate that the op-
toelectronic feedback stabilizes the microwave oscillation by
suppressing the frequency jitter with increased effectiveness at
an increased feedback strength.

C. External Modulation

In order to further reduce the linewidth, an external mi-
crowave source can be used to slightly modulate the slave laser.
As is demonstrated by Simpson and Doft [1], the resulting
linewidth can be narrower than 1 kHz. To study the effect of
an external modulation on our system, the same procedure is
first repeated here. The experimental results are then used to
compare with those obtained with both external modulation
and optoelectronic feedback. In this experiment, the slave laser
is optically injected at a fixed strength of and a
frequency detuning of 2.3 GHz for the same period-one state
studied above that has the spectra shown in Fig. 2(i) and (j). The
external microwave modulation frequency is fixed at 16 GHz
in tune with the period-one oscillation frequency.

Fig. 6(a)–(c) shows three power spectra of the slave laser
taken at three different external microwave modulation
strengths of , 0.006, and 0.009, respectively, while
the optoelectronic feedback is completely turned off. It is
found that the threshold modulation strength to completely
lock the microwave oscillation to a stable narrow line is

dBm , corresponding to that of
Fig. 6(c). Above this threshold, the line remains stably locked



1030 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 10, NO. 5, SEPTEMBER/OCTOBER 2004

Fig. 7. Power spectra centered at the peak microwave frequency of
the period-one oscillation of the optically injected slave laser with the
optoelectronic feedback fixed at � = 0:006 and the external modulation
power turned (a) off and (b) on at � = 0:006.

with a narrow linewidth below our instrument resolution limit
of 1 kHz. Below this threshold, the modulation partially locks
the oscillation to a narrow central peak, also below our resolu-
tion limit of 1 kHz, but it is not strong enough to stably lock the
oscillation. In this situation, the period-one oscillation drifts in
and out of locking by the microwave modulation, resulting in a
jittering broad linewidth of about 16 MHz seen superimposed
with the central narrow line of less than 1 kHz in Fig. 6(b).

The combined effect of external modulation and optoelec-
tronic feedback is studied by setting the feedback strength at
a fixed low level of while is varied. Note that
according to the experiment done for the data shown in Fig. 5,
this feedback strength is below the locking threshold for sup-
pressing the side mode frequencies of the feedback loop. The
power spectrum shown in Fig. 7(a) for without the ex-
ternal modulation clearly shows the characteristic of many side
frequencies equally spaced at 30 MHz. The peak in this spec-
trum has a linewidth of 160 kHz. When a weak external modu-
lation of is applied, the side modes are suppressed
and the oscillation is stably locked with the locked microwave
frequency narrowed to a linewidth below our resolution limit
of 1 kHz, as shown in Fig. 7(b). Note also that this modula-
tion power of alone is below the threshold to stably
lock the oscillation, as seen in Fig. 6 and discussed above. Thus,
this study shows that the external modulation and the optoelec-
tronic feedback together have a positively enhancing effect that
reduces the stable locking threshold for each other.

D. Linewidth Narrowing Effects

So far, it is clearly demonstrated that proper optoelec-
tronic feedback also can reduce the microwave linewidth of
a period-one oscillation by three orders of magnitude. An
accurately tuned external modulation, either alone or in com-
bination with optoelectronic feedback, can further reduce the
linewidth. An experiment is carried out to study the detailed
characteristics of the linewidth narrowing by optoelectronic

Fig. 8. Optical and power spectra of the slave laser at a fixed optical injection
strength of � = 0:056 with (a) and (b) optoelectronic feedback and external
modulation both turned off, (c) and (d) feedback on but modulation off, (e) and
(f) feedback off but modulation on, and (g) and (h) feedback and modulation
both on at the strengths labeled. The optical spectra are shown in the left column,
and the corresponding power spectra are shown in the right column. The optical
spectra are offset to the free-running slave laser frequency. The power spectra are
centered at the respective peak frequencies. The standard deviation linewidths
are labeled.

feedback and external modulation. In this experiment, the
slave laser is again optically injected at a fixed strength of

and a frequency detuning of 2.3 GHz for the
same period-one state studied above. The external microwave
modulation frequency is again fixed at 16 GHz in tune with
the period-one oscillation frequency. The feedback is fixed at

dBm and a loop length of 10 m, and
the modulation is fixed at dBm .
These feedback and modulation powers are both above their
respective thresholds to stably lock the microwave frequency
of the period-one oscillation into a narrow line. The feedback
and the modulation can be turned on or off independently.

Fig. 8 shows the optical spectra, in the left column, and the
power spectra, in the right column, of the slave laser output
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Fig. 9. Power spectrum of the period-one microwave frequency of the optically
injected slave laser: (a) with optoelectronic feedback only at � = 0:071 and
(b) with external modulation only at � = 0:071. The resolution bandwidths
are 10 kHz and 1 kHz for (a) and (b), respectively. The 3-dB linewidths are
below the respective resolution bandwidths.

taken under the same experimental conditions but with the feed-
back and the modulation turned on or off in four different com-
binations. First, it is seen that the four optical spectra are al-
most identical, indicating that the period-one dynamic state of
the slave laser is not affected by the turning on or off of the feed-
back and the modulation. Indeed, any small differences among
these four optical spectra are caused by the ever-present constant
fluctuations of the system. The small peaks seen at the baselines
of these spectra are high-order transverse modes of the scanning
Fabry–Pérot interferometer and can be ignored. Significant dif-
ferences are clearly seen in the power spectra taken under dif-
ferent feedback and modulation conditions. In Fig. 8(b), with
both feedback and modulation turned off, a large microwave
linewidth measured to be 32 MHz is recorded. For Fig. 8(d), the
feedback alone is turned on to reduce the microwave linewidth
by more than three orders of magnitude to 13 kHz, which is still
mainly determined by the frequency jitter. In Fig. 8(f), it is seen
that the line is narrowed to below the resolution limit of 1 kHz
by turning the external modulation on alone. Because the ex-
ternal modulation is significantly above its locking threshold,
the power spectrum seen in Fig. 8(h) taken with both feedback
and modulation turned on remains essentially the same as that
shown in Fig. 8(f). Combined with the data shown in Fig. 7 and
discussed above, the spectra shown in Fig. 8(f) and (h) indicate
that under proper operating conditions the combination of feed-
back and modulation does not have negative effects. If the mod-
ulation frequency is properly tuned, feedback and modulation
enhance each other near their thresholds but do not compete with
each other to drive the laser into undesirable dynamics when
they are both high above threshold.

As shown in Fig. 5, it is possible to reduce the linewidth by
optoelectronic feedback alone to the order of 10 kHz. It seems
possible to further reduce the linewidth without an external
modulation. The power spectrum shown in Fig. 9(a), which is
taken with optoelectronic feedback alone at , clearly
shows this possibility. This spectrum is taken with the spectral

Fig. 10. Microwave output power versus modulation power when the
optoelectronic feedback loop is disconnected. Data for different optical
injection detunings are presented. Open and closed symbols represent
period-one and stable optical locking dynamics, respectively.

resolution of the spectrum analyzer set at 10 kHz. Its 3-dB
linewidth is limited by this resolution limit, indicating that it
has a linewidth less than 10 kHz. Unfortunately, we failed to
take this spectrum with the best resolution of our instrument at
1 kHz because this line drifts away within the long scanning
time of the spectrum analyzer at the 1-kHz resolution. When an
external microwave modulation at is applied, the
spectrum remains steady to allow the slow spectral scan at the
1-kHz resolution regardless of whether the feedback is applied
or not. The result is shown in Fig. 9(b), which shows a narrow
line with a 3-dB linewidth again limited by the resolution limit
of 1 kHz.

In order to have a better understanding on the linewidth-nar-
rowing mechanism, the microwave open-loop gain is examined
by disconnecting the optoelectronic feedback. The optical in-
jection strength is set at , and an external modulation
of power at the period-one oscillation frequency is sent into
the slave laser. The output microwave power after the photode-
tector is monitored while increases. The result is shown in
Fig. 10. At the optical detuning of 2.3 GHz, as in the previous
experiments, the output power is saturated. The microwave gain
is saturated even for below the locking threshold of about

dBm for external modulation or optoelectronic feedback.
It shows that the slave laser already acts as a microwave oscil-
lator at the period-one frequency with a gain that is saturated
by the period-one oscillation before the optoelectronic feedback
is applied. The optoelectronic feedback loop does not form a
microwave oscillator, but it filters and injects the microwave to
lock the slave laser. This explains the linewidth narrowing ef-
fect. A similar self-injection locking phenomenon is observed
in other oscillatory systems [12]. The experiment is repeated
for different optical injection detunings. As the detuning de-
creases from 2.3 to 4.5 GHz, the slave laser stays in the pe-
riod-one state, but the microwave gain saturation decreases as
the Hopf bifurcation line approaches. The bifurcation line is
crossed between 4.5 and 4.9 GHz, while the slave laser
exits the period-one state and enters into stable locking state
[5]. The microwave gain saturation decreases further as the de-
tuning decreases to 5.3 GHz. At 12.1 GHz, the slave laser
is well within the stable locking region, and the modulation re-
sponse is similar to that of a free-running laser with enhanced
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bandwidth and has a linear gain [18]. In the stable locking re-
gion, the optoelectronic feedback can be reintroduced to form
an OEO. Oscillation is observed when the open-loop gain is in-
creased to unity using the RF amplifiers. Thus, the period-one
linewidth-narrowing effect studied in this paper is due to self-in-
jection locking, but an OEO can also be formed when the laser
exits the period-one region and enters into the stable locking
region.

IV. CONCLUSION

The generation of tunable narrow-linewidth microwave on an
optical wave is experimentally demonstrated on an optically in-
jected semiconductor laser in the period-one dynamical state
with optoelectronic feedback. The microwave carried by the op-
tical wave generated from an optically injected slave semicon-
ductor laser is tuned in the range of 10–23 GHz by varying the
strength of optical injection at a fixed detuning frequency be-
tween the master and slave lasers. Based on our nonoptimized
apparatus, the microwave linewidth is reduced from the range
of 40–120 MHz without stabilization by three orders of mag-
nitude to the range of 10–160 kHz with stabilization through
optoelectronic feedback alone. The narrow linewidth under the
stabilization of optoelectronic feedback is mainly determined
by the frequency jitter. Such jitter decreases with the strength of
optoelectronic feedback. The effect of a small microwave modu-
lation is also investigated. It reduces the linewidth to below the
1 kHz resolution limit of our instrument, and the modulation
power required is decreased by the optoelectronic feedback.

The technique of generating a broadly tunable narrow-
linewidth microwave subcarrier on an optical wave by prop-
erly combining optical injection and optoelectronic feedback
as studied in this paper exploits the nonlinear dynamics of
the semiconductor lasers without the need of any external
microwave source. To the best of our knowledge, the broadly
tunable linewidth narrowing by optoelectronic feedback is a
new nonlinear dynamical phenomenon. Further experimental
and theoretical studies along the line of microwave self-injec-
tion locking are needed to better understand this phenomenon
and to explore the possibility of other similar phenomena, as
well as to connect this phenomenon to other complex dynamical
states of a semiconductor laser subject to both optical injection
and optoelectronic feedback.
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