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ABSTRACT

Nonlinear dynamics of semiconductor lasers has found many interesting applications in microwave photonics
technology. In particular, a semiconductor laser under optical injection of proper strength and optical frequency detuning
can enter into the dynamical period-one (P1) state through Hopf bifurcation. The resulting optical output carries a
broadly tunable high-speed microwave modulation without employing any expensive microwave electronics. It is
therefore a desirable source for radio-over-fiber (RoF) applications. The P1 state can also be adjusted to have a nearly
single sideband (SSB) optical spectrum. It is an advantageous property for long distance fiber transmission because it
minimizes the microwave power penalty that is induced by chromatic dispersion. In this work, we investigate in detail
the properties of the P1 state and the effect of fiber dispersion as a function of the injection conditions. Based on a well-
established rate equation model, the results show that the generated microwave frequency can be several times higher
than the intrinsic relaxation resonance frequency of the laser. With a large injection strength and an injection detuning
frequency higher than that required for Hopf bifurcation, the generated microwave power is nearly constant and the
optical spectrum is close to SSB. We simulate the effect of fiber chromatic dispersion and the result shows a maximum
microwave power penalty of less than 2 dB. The characterization of the P1 state is useful in guiding the design of RoF
systems based on optically injected semiconductor lasers.

Keywords: Optical injection, semiconductor laser, microwave photonics, radio-over-fiber, single sideband.

1. INTRODUCTION

Radio-over-fiber (RoF) technology has recently attracted much attention."® In an RoF system, microwave signal is
carried on an optical wave that is transmitted through optical fibers. It enables microwave transmission over very long
distances. The technology greatly simplifies the hardware design in wireless communication networks. For instance, it is
used to implement low-cost photonic microwave links between the central office and remote base stations.

Despite its many advantages, RoF systems are often hindered by the microwave power penalty caused by chromatic
dispersion. The problem can only be circumvented by using the single-sideband (SSB) modulation scheme. As a result,
different SSB sources are developed such as using two-laser heterodyning,® SSB electro-optic modulators,” external
cavity semiconductor lasers,® optical filtering techniques,” and multi-section semiconductor lasers.” However, these
methods are usually limited in terms of microwave stability, optical efficiency, or frequency tunability.

In this paper, we report on an RoF source based on an optically injected semiconductor laser.>” The injection invokes the
intrinsic nonlinear dynamics of the laser into the period-one oscillation state. The oscillation causes a microwave
modulation on the optical carrier. The system therefore becomes a photonic microwave source.'®"* This source is widely
tunable far beyond the original modulation bandwidth of the laser. It requires no lossy external modulation optics. The
photonic microwave can also be stabilized using simple several microwave locking methods. By properly adjusting the
injection conditions, the modulation can become nearly SSB to eliminate the chromatic dispersion-induced power
penalty. Experimentally, we demonstrate a 40-GHz photonic generation that is stabilized by subharmonic microwave
locking. Numerically, we investigate the power penalty performance of our RoF source. The results show that the
optically injected semiconductor laser in the period-one state is an ideal candidate for RoF applications.

Following this introduction, the experiment and simulation are presented in Sections 2 and 3, respectively. They are
followed by discussions in Section 4 and a conclusion in Section 5.
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2. EXPERIMENT

The experimental setup of the optical injection system is shown in Fig. 1. The lasers used are 1.3-um single-mode
distributed feedback (DFB) semiconductor lasers (Bookham Technology LC131). The master laser (ML) is biased at
106.2 mA, which is 7.08 times its threshold, and is temperature stabilized at 15.90 °C. The slave laser (SL) is biased at
40.0 mA, which is 2.22 times its threshold, and is temperature stabilized at 18.00 °C. It emits an optical power of about
4.5 mW and has a relaxation resonance frequency at around 10 GHz. Light from the master laser is directed by the
mirror (M) and the beam splitter (BS) into the slave laser. About 7 mW of optical injection power impinges on the front
facet of the slave laser, but only a small portion is successfully coupled into the mode of the slave laser cavity. Feedback
from the slave laser to the master laser is prevented by the optical isolator (OI). Under the above bias currents, the
optical frequency of the master laser is detuned from the free-running optical frequency of the slave laser by f; = +30.7
GHz. The injection drives the slave laser into period-one oscillation with a fundamental frequency of f, = 40 GHz. The
light from the slave laser is transmitted through an optical fiber (F). The optical spectrum is monitored by an optical
spectrum analyzer (OSA) (Newport SR-260-C). The power spectrum is monitored by a power spectrum analyzer (PSA)
(Agilent 8565EC) after detection by a 45-GHz photodiode (PD) (New Focus 1011). A microwave frequency synthesizer
(MFS) (HP 83620A) can be used to apply a current modulation onto the slave laser.
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Fig. 1. Schematics of the experimental setup. ML: master laser; SL: slave laser; Ol: optical isolator; M: mirror; BS: beam
splitter; F: fiber; PD: photodiode; PSA: power spectrum analyzer; OSA: optical spectrum analyzer; and MFS:
microwave frequency synthesizer. Thin and thick lines correspond to optical and microwave paths, respectively.

Figure 2 shows the spectra obtained as the slave laser is operated in period-one oscillation. The optical spectrum in Fig.
2(a) is offset to the free-running frequency of the slave laser. Unlike a free-running laser that emits only a single line at
the zero offset, the optically injected slave laser emits two lines of approximately equal magnitudes. The line at f, =
30.7 GHz offset is due to the injection from the master laser, whereas the line at f; — fy=—9.3 GHz is due to the period-
one oscillation at fy= 40 GHz. The beating of the two lines results in the power spectrum as shown in Fig. 2(b). The
signal is very noisy because of the intrinsic fluctuations of the system, such as the spontaneous emission noise of the
slave laser and the power variation from the master laser injection.

In order to improve the signal purity, we apply a stable current modulation to lock the period-one oscillation. In this
experiment, we demonstrate subharmonic microwave locking by applying an external microwave at f; /2 to lock the
fundamental at £ ."* With a modest modulation strength of 5 dBm, the signal can be drastically improved. The stabilized
signal is shown in Fig. 2(c) at a much reduced span. Compared to the direct locking method using an external source at
/5, the subharmonic locking technique allows us to use an external source at a reduced frequency. It is particularly
useful for generating high frequency microwave beyond the usual bandwidth of electronic components.

Proc. of SPIE Vol. 6468 646811-2



|
5%}
(=]

(b) Not locked Span = 50 MHz

(a) Injection

|

|
IS
S

021

|
wn
(=]

|
=)
S

|
=
(=]

Jo =40 GHz

Microwave Power (dBm)

|
o
=

39.975 ) 40.000 40.025
Microwave Frequency (GHz)

e
T

Optical Power (a.u.)
|
s

(c) Locked Span = 100 Hz

|
=]
=]

L
(=
S

0.0 Po¥ s T

-10 -5 0 5 10 15 20 25 30 35
Optical Frequency Offset (GHz)

Microwave Power (dBm)
&
(=}

-120 . h .
39.99999995 40.00000000 40.00000005
Microwave Frequency (GHz)

Fig. 2. Experimental spectra of the slave laser under period-one oscillation at fo = 40 GHz. The optical injection is 7 mW at
the input facet of the slave laser. It is detuned at f; = +30.7 GHz above the free-running frequency of the slave laser. (a)
Optical spectrum offset to the free-running frequency of the slave laser. (b) Power spectrum revealing the fluctuation
between the two optical lines. (c) Power spectrum stabilized by current modulation at the subharmonic frequency fy/2.

3. SIMULATION

The period-one state can be more extensively investigated through numerical simulation. We apply the well known rate
equation model of the optical injection system as follows:"
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where a, and g; respectively are the real and imaginary parts of normalized complex intracavity field amplitude at the
free-running slave laser frequency, 1+ 7 is the normalized charge carrier density, J is the normalized bias current
above the threshold, & is the dimensionless injection strength, f; is the injection detuning as before, ¥ is the cavity decay
rate, y is the spontaneous carrier relaxation rate, y, is the differential carrier relaxation rate, y, is the nonlinear carrier
relaxation rate, and b is the linewidth enhancement factor. The following parameter values are adopted: j =
5.36x10"(s™), %= 5.96x10°(s™), ju=7.53x10°(s™), 5= 2.34x10'" (s™), b = 3.2, and J = 1.222. These fall within the
ranges of the typical semiconductor laser parameters.''” The relaxation resonance frequency is given by f =
QA e 70 +7% ;/p)l/2 ~ 10 GHz. We conduct a second-order Runge-Kutta integration for a duration longer than 1 ps. The
injection strength & s varied between 0 and 0.4, while the frequency detuning f; is varied between 0 and 35 GHz.
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Fig. 3. Optical spectra of the slave laser in period-one states. (a) DSB period-one generated at (&, ;) = (0.065, 20 GHz). (b)
SSB period-one generated at (&, f;) = (0.268, 20 GHz).

The optical spectra of two different period-one states are shown in Fig. 3. The detuning is kept constant at f;= 20 GHz,
but the injection strength & is varied. Both spectra consist of the regeneration of the injected light at f; and many sideband
separated by the period-one oscillation frequency fy. However, the relative magnitudes of these frequency components
changes with the injection strength. When & = 0.065 as in Fig. 3(a), the principal component is at fi—f;. It is surrounded
by two sidebands at f—2f; and f;, which are of similar magnitudes. This period-one state is regarded as nearly double
sideband (DSB) because the magnitude difference between the upper and lower sideband is only about 3 dB. On the
other hand, when & = 0.268 as in Fig. 3(b), the principal component is at f;, which corresponds to the injected light. It
has two highly asymmetric sidebands. The lower sideband at fi—f; is more than 21 dB stronger than the upper sideband at
fi+fo. The period-one state is thus nearly SSB and is desirable for low power penalty RoF transmission. According to
Fig. 3, we conclude that a period-one state can have an output of either DSB or SSB depending on the injection
conditions. Therefore, the injection conditions need to be optimized for RoF transmission.

In order to illustrate the effect of chromatic dispersion on the microwave power, we simulate the fiber transmission of
the photonic microwave generated by the period-one state. The dispersion coefficient is assumed to be 17 ps/km-nm, as
in a typical single-mode fiber. At the receiving end, a photodiode is used to extract the optically carried microwave. We
calculate the fundamental microwave power Py at f; and the second harmonic microwave power Pyg at 2f;. The results
are shown in Fig. 4 for the same DSB and SSB states considered previously in Fig. 3. For the DSB period-one state in
Fig. 4(a), a repetitive and deep variation of the microwave power is observed as the fiber length increases. It is because
the dispersive propagation changes the phase relation between the two sidebands. When the upper and the lower
sidebands are in-phase, the optical signal corresponds to a pure amplitude modulation and it generates the maximum
microwave power Pyp. When the sidebands are out-of-phase, the signal corresponds to an optical phase modulation and it
cannot be detected by the photodiode. Referring to Fig. 3(a), we see that the microwave Py, is generated from the beating
of fi—foand f; and the beating of fi—f; and fi—2f,. Dispersion introduces a length-dependent phase between the beat signals,
which causes the periodic power variation. The maximum power penalty of AP;y= 16 dB is observed in Fig. 4(a). By
contrast, the SSB period-one state in Fig. 4(b) experiences only a small power variation of APy = 2 dB. The
improvement is expected from the corresponding optical spectrum in Fig. 3(b). It is because the microwave power Py is
generated predominately by the beating of fi—f; and f; only. There is no phase issue for the SSB case.
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Fig. 4. Microwave power at the fundamental f; and the second-harmonic 2f; received after propagation in fiber. (a) DSB
period-one generated at (&, £;) = (0.065, 20 GHz). (b) SSB period-one generated at (&, f;) = (0.268, 20 GHz).

A more complete representation is shown in Fig. 5 as the mappings over the injection parameters & and f,. In Fig. 5(a),
the contours of the fundamental frequency of the period-one state are shown. A wide region of period-one oscillation is
found above the well-studied Hopf bifurcation line, except for a confined region of chaotic states. Within the period-one
region, the fundamental frequency f; generally increases with the both & and f. Frequencies of up to 4 times the
relaxation resonance at 10 GHz can be obtained. Thus, the photonic microwave source is broadly tunable and is not

limited by the conventional modulation bandwidth of the semiconductor laser

Figure 5(b) presents the power penalty performance as the maximum power variation APy, for an arbitrary fiber length.
The region slightly above the Hopf bifurcation line is shown to be most immune to the power penalty. It corresponds to
the region of SSB period-one states. Combining Figs. 5(a) and (b), we observe that the period-one state can be broadly
tuned between f,= 22 and 42 GHz if a maximum power penalty of 3 dB can be tolerated. Therefore, the period-one state
under properly adjusted injection is an ideal candidate for RoF applications that requires high immunity to power

penalty.
4. DISCUSSION

The laser dynamical parameters are known to have significant effect on the nonlinear dynamics of the optical injection
system.'” In particular, the nonlinear carrier relaxation rate 7% 1s known to have a stabilization effect on the system. A
reduced y, can therefore widen the period-one region. As a result, we are interested in investigating the effect of y, on

ROF transmission.
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For comparison, we analyze the worst case microwave power that can be guaranteed to the receiving end at an arbitrary
distance away when the power penalty is considered. The mapping using the original y is shown in Fig. 6(a), while that

of a reduced y,is shown in Fig. 6(b). The mappings are normalized so that 0 dB corresponds to the highest microwave
power that can be generated before the fiber propagation.

Figure 6 shows that the general structure of the mapping is maintained. The best region of operation is slightly above the
Hopf bifurcation line, consistent with Fig. 5(b). The new p, is only slightly reduced by 18% from the original one, but its
effect is observable as the enlargement of the period-one region shown in Fig. 6(b). The region of relatively high power
is also widened, for example, the area enclosed by the —4-dB line is slightly broadened. Thus, reducing the value of y,
increases the microwave power transmitted by the nonlinear period-one dynamics. These observations are consistent
with the stabilization nature of ,.

5. CONCLUSION

RoF performance of an optically injected semiconductor laser under period-one oscillation is investigated. We
experimentally demonstrate a 40-GHz photonic microwave generation incorporated with subharmonic microwave
locking. We numerically simulate an optical injected laser under the period-one oscillation. Depending on the injection
conditions, the spectrum of the oscillation can be DSB or SSB. The microwave power penalty induced by fiber
chromatic dispersion is considered. When properly adjusted into SSB period-one oscillation, the system is shown to be
quite immune to the power penalty. The system is least susceptible to the penalty when operated at the region slightly
above the Hopf bifurcation line in the mapping. The results of this work illustrate that the optical injection system is
suitable for low power penalty RoF transmission.
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