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Chaotic antiphase dynamics and synchronization in multimode semiconductor lasers

A. Uchida,* Y. Liu, I. Fischer,† P. Davis, and T. Aida
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We report experimental observation of antiphase mode dynamics in the high-frequency chaotic state of a
multimode semiconductor laser with optical feedback and provide a detailed investigation of its frequency
dependence. Comparison of the power spectral density for total intensity with the incoherent sum of power
spectral densities for individual mode intensities shows that the oscillations around the relaxation oscillation
frequency are in-phase in all the modes, while the oscillations at lower frequencies exhibit partial antiphase
behavior. We demonstrate that synchronized phase dynamics with similar frequency dependence can be in-
duced in a second laser by unidirectional optical injection.
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I. INTRODUCTION

The dynamics of chaotic multimode semiconductor las
is currently of considerable interest from the viewpoints
both fundamental physics and applications. Experimental
servations and numerical simulations have been repo
which show that multimode dynamics can play a signific
role in a variety of complex dynamical phenomena, inclu
ing low-frequency fluctuations~LFF! and high-frequency
chaotic oscillations@1–6#. Also, the synchronization of mul
timode dynamics in lasers has been considered as a me
nism for multiwavelength transmission of encoded d
@7–9#.

A key issue in the behavior of multimode lasers is ho
the oscillations of different modes are related to each ot
One general behavior that has been observed in multim
lasers is antiphase dynamics@10–17#. Antiphase is a property
related to coherence of the phases of the oscillations of
mode intensities rather than the optical phases. Alterna
pulsations in two modes due to mode coupling is a sim
example of antiphase dynamics. Antiphase dynamics h
been shown to occur in the relaxation in a multimode clas
laser with cross saturation, where the lower-frequency co
ponents of oscillation of different longtitudinal modes can
each other completely, so the total laser intensity oscilla
with just a single oscillation frequency, resembling the rela
ation of a single-mode laser@12,13#. Antiphase dynamics o
multilongitudinal modes have been experimentally obser
in various laser systems, including microchip lasers@12#,
solid-state lasers@14,15#, fiber lasers@16#, and CO2 lasers
@17#.

In the case of chaotic semiconductor lasers the natur
mode interaction and antiphase dynamics has not been c
In class-B lasers, antiphase dynamics has been attribute
cross saturation of modes due to spatial hole burning@10,11#.
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In semiconductor lasers fast carrier diffusion is expected
suppress spatial hole burning in the longitudinal directio
However, a recent experimental work reported that in
LFF of a multimode semiconductor laser with optical fee
back, the recovery of the total laser power was faster than
recovery of individual mode powers, indicating the existen
of antiphase dynamics@1#. There was also an observation
a behavior in low-frequency multimode oscillations in whic
each mode pulse with a repetition rate was dominated by
external cavity round-trip time, but with the phase of puls
tion being different for different modes@2#. Antiphase dy-
namics were shown recently in numerical simulations of L
behavior in semiconductor laser models with various mec
nisms for mode interaction@3–6#.

In this paper we give clear experimental evidence of
tiphase dynamics in the fast chaotic oscillations in a mu
mode semiconductor laser and we show the frequency
pendence of the antiphase properties. Simultane
measurement of the total laser intensity and modal inten
is performed to show a direct indication of how the variati
of an individual mode relates to the total output. The ex
tence of antiphase behavior for various frequency com
nents is tested by comparing the rf spectra of total intensi
with that of the incoherent sum of modal intensities at p
ticular frequencies, following a method of analysis whi
was conducted in previous studies on class-B lasers@10,11#.
We also demonstrate the synchronization of two lasers w
antiphase dynamics by coupling these two lasers in a ma
slave scheme.

II. OBSERVATION OF CHAOTIC ANTIPHASE DYNAMICS

A. Experimental setup

We investigate antiphase dynamics in fast~up to a few
GHz! chaotic oscillations in a semiconductor laser with o
tical feedback. The laser system is the same as the one
in a recent experiment, in which synchronization of fast ch
otic oscillations could be demonstrated@7#. Figure 1 shows
our experimental setup. An external mirror is set in front
the laser to provide optical feedback which results in chao
fluctuation of the laser output. The round-trip time of th
light in the external cavity is 3.8 ns, corresponding to a f
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quency of 0.265 GHz. A variable attenuator~ND filter! is
adjusted to get the appropriate weak optical feedback co
tions, so that the laser is in a chaotic state with oscillation
laser intensity output at frequencies up to a few GHz. W
used a semiconductor laser~Anritsu SD3F513T! emitting at
about 1460 nm. One facet of the laser is antireflection~AR!
coated and has only 5% reflectivity. The laser is driven b
low-noise current source~Kette KNN-300LT! and is tem-
perature stabilized with 0.01 K accuracy. The injection c
rent of the semiconductor laser is set to 35.0 mA, which
1.5 times the threshold value, and the output power is 0.
mW with optical feedback. The relaxation oscillation fr
quency under these conditions amounts to;2.4 GHz. The
optical spectrum of the laser is measured with an opt
spectrum analyzer~Anritsu MS9710C! with a resolution of
0.05 nm, which is sufficient to resolve the longitudin
modes of the semiconductor laser. Figure 2 shows a m
sured optical spectrum of the semiconductor laser in the c
otic state. It can be seen that the laser has multiple long
dinal modes with mode spacing of 0.35 nm.

To separately observe the dynamics of different sets
modes, a bandwidth-variable optical wavelength fil
~Hewlett Packard HP70951A! is used as shown in Fig. 1. W
can select one of the longitudinal modes by scanning
center wavelength of the filter with a minimum bandwidth
0.2 nm which is sufficient to restrict the detected light to
single longitudinal mode of the solitary laser. We also set
center wavelength of the optical band-pass filter to 146
nm and use the bandwidths of 1, 5, and 10 nm, which co
sets of three, ten, and 18 longitudinal laser modes, res
tively. The dynamical behavior of the intensity of a speci

FIG. 1. Experimental setup for observation of antiphase dyn
ics. SL’s: semiconductor lasers; L’s: lenses; BS: beam splitter;
mirror; VA’s: variable attenuators; IS’s: isolators; FC’s: fiber co
plers; PD’s: photodiodes; Amp’s: amplifiers.
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mode or mode set is detected with a 6-GHz photodiode~New
Focus 1514-LF! and analyzed with a radio-frequency spe
trum analyzer~Advantest R3267, 9-GHz bandwidth! and a
fast digital oscilloscope~Tektronix TDS694C, 3-GHz band
width and 10-G sampling per second!.

B. Characterization of multimode RF spectra

With the rf spectrum analyzer we observe the avera
power spectral densities~PSD! for the total intensity of the
selected mode and the corresponding modal intensities.
use the notationP(I j ,V) to represent the amount of PSD
a particular frequencyV of the rf spectrum of thej th modal
intensity I j , and P((I j ,V) to represent the measured PS
for the total intensity of the selected mode sets. We calcu
the incoherent sum(@P(I j ,V)# and the in-phase sum
@(AP(I j ,V)#2 from the measuredP(I j ,V). The phase rela-
tionship among the oscillations of the modal intensitiesI j at
a particular frequencyV can then be calculated as follow
@18#: perfect in-phase,

PS ( I j ,V D5S ( AP~ I j ,V! D 2

, ~2.1!

partial in-phase,

S ( AP~ I j ,V! D 2

.PS ( I j ,V D.( @P~ I j ,V!#,

~2.2!

partial antiphase,

( @P~ I j ,V!#.PS ( I j ,V D.0, ~2.3!

and perfect antiphase,

PS ( I j ,V D50. ~2.4!

-
:

FIG. 2. Optical spectrum of the multilongitudinal-mode sem
conductor laser with optical feedback.
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The value of the incoherent sum(@P(I j ,V)# is a threshold
to distinguish in-phase states, where coherent summatio
achieved as a result of constructive summation am
N-mode intensities, and antiphase states, where summati
destructive.

C. Observations of antiphase dynamics

We measured PSD of total intensityP((I j ,V) ~red line!,
and compared it with PSD of the incoherent su
(@P(I j ,V)# ~blue line!, and in-phase sum@(AP(I j ,V)#2

~green line! for the selected sets of~a! three-mode,~b! ten-
mode, and~c! 18-mode dynamics as shown in Fig. 3. T
PSDs of total intensity~red line! are typical for feedback-
induced chaos@7#. The broad maxima of the spectrum co
respond to the round-trip frequency of the light in the ext
nal cavity at 0.265 GHz and its harmonics. At the relaxat
oscillation frequencyVR of ;2.4 GHz, the peak height o
the red line is the same as that of the green line for each
of selected modes. This implies that the components of
cillations of the mode intensities at frequencies nearVR are
perfectly in-phase. On the other hand, the peak height of
red line is clearly lower than that of the blue line in th
low-frequency region below 1 GHz. These results imply p
tial antiphase oscillations of the modes at frequencies lo
than the relaxation oscillation frequencyVR. As the number
of selected modes is increased, the difference between
red line and the blue line becomes larger; that is, the
tiphase behavior can be more clearly observed when
number of longitudinal modes increases.

In order to clarify and visualize how these properti
manifest itself in the temporal dynamics we have perform
direct measurements of the modal intensity dynamics. In
following we present and compare the temporal wave for
of the total intensity with those of the subsets of modes.~Due
to experimental limitations, we were unable to simul
neously detect more than one subset of modes.! Figure 4
shows temporal wave forms of~a! one-mode,~b! six-mode,
and~c! 15-mode intensities compared with the correspond
total intensities. For one-mode intensity in Fig. 4~a!, the am-
plitude of the chaotic oscillations is small most of the tim
and oscillations with high amplitude arise intermittently,
the chaotic temporal wave forms include slow envelo
components with oscillation frequency corresponding to
round-trip frequency of the external cavity. As the number
the longitudinal modes is increased, the high amplitude
cillations occur more frequently and the dominant oscillat
frequency approaches the relaxation oscillation frequen
Finally, the oscillations for 15 modes are almost identica
those of the total intensity as shown in Fig. 4~c!. Thus, the
low-frequency component decreases as the number of
mode is increased. On the other hand, in Fig. 4 the phas
the fast relaxation oscillation frequency component
matched between the total and modal intensities regard
of the number of modal intensities. In summary, modal
tensities are in-phase around the fast relaxation oscilla
frequency components, while, antiphase dynamics is
served for the low-frequency components.
02380
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FIG. 3. ~Color! Radio-frequency power spectal densities of to
intensity P((I j ,V) ~red line!, incoherent sum(@P(I j ,V)# ~blue
line!, and in-phase sum@(AP(I j ,V)#2 ~green line! at the selected
~a! 3-mode,~b! 10-mode, and~c! 18-mode dynamics. Antiphas
dynamics is observed at the low-frequency region below 1 GHz
becomes more apparent as the number of the selected mode
creases.
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FIG. 4. Temporal wave forms of the selected~a! one-mode,~b!
six-mode, and~c! 15-mode intensities compared with the corr
sponding total intensities. The modal and total intensities were m
sured simultaneously.
02380
D. Discussion

A number of different models of multimode semicondu
tor lasers have been investigated and shown to exhibit ty
of antiphase behavior. Viktorovet al. introduced carrier grat-
ings due to the spatial hole burning effect in a multimo
extension of the Lang-Kobayashi~LK ! equations@3#. Rogis-
ter et al.used multimode LK equations assuming a parabo
gain profile@4#. The self- and cross-saturation effects in mu
timode LK equations were taken into account in the mode
Sukow and co-workers@5#. Huyet et al. considered a coun
terpropagating wave model~without a priori mode expan-
sion! for a cavity with a parabolic gain dispersion@6#. All
these models have a similar mechanism, gain cro
saturation due to the interaction among modes, and s
types of antiphase behavior. According to Refs.@3,4# ~Fig. 3
in @3#, Fig. 2 in @4#! in the recovery stage of chaotic LFF, th
fast pulsing dynamics are in-phase while the frequency co
ponents corresponding to variations of pulse heights in
different modes are out of phase, resulting in a reduction
the low-frequency component of the total intensity. In th
sense, the behavior of modes during LFF recovery see
these numerical models is similar to the type of antiph
dynamics observed in our experiment. This supports a c
jecture that the existence of a gain cross-saturation am
multiple modes could be the key mechanism for the
tiphase behavior that we observed. Detailed comparison
tween models and regimes and types of antiphase dyna
is left for future work.

It should be noted that the distinction between in-pha
and antiphase dynamics depends on the frequency of the
cillation components. In Ref.@4#, ‘‘in-phase mode dynam-

a-

FIG. 5. Experimental setup for observation of synchronizat
of antiphase dynamics. PC: polarization controller.
1-4
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ics’’ corresponds to our observation where in-phase dyn
ics appear at the relaxation oscillation frequency a
antiphase dynamics is also observed at lower-freque
components. On the other hand, in@4# and @6#, the term
‘‘antiphase’’ has been used for the antiphase relation aro
the fundamental oscillation frequency in a regime where
total intensity is almost constant. Therefore, it is necessar
indicate both the phase relationship and the correspon
frequency component to determine in-phase and antiph
dynamics.

III. ANTIPHASE DYNAMICS IN SYNCHRONIZED
LASERS

Since the total intensity of the multimode dynamics p
sented here could be synchronized with a second dev
identical laser in a recent experiment@7#, the question arises

FIG. 6. Temporal wave forms of two laser outputs for to
intensity before and after the synchronization. All traces are sh
at the same scale.
02380
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intensities are also transferred from the transmitter to
receiver laser. In this section we demonstrate that synchr

l
n

FIG. 7. ~Color! Radio-frequency power spectral densities in t
second laser when the first and second lasers are coupled
master-slave scheme. The meaning of the color lines and c
~a!–~c! are the same as in Fig. 3. The phase dynamics in the se
laser is synchronized with those in the first laser.
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zation of the dynamics of two lasers, including the antiph
properties, is possible. Understanding the antiphase dyn
ics under synchronization will be important for designi
new coding schemes for chaotic multiwavelength data m
tiplexing in an all-optical system@8,9#.

Figure 5 shows the experimental setup for synchron
tion @7#. The output of the selected mode in the first lase
transmitted through a single-mode fiber and injected into
second semiconductor laser, which has no external mir
Two optical isolators and an optical fiber isolator~total iso-
lation of 90 dB! are introduced in the transmission line
guarantee the unidirectional coupling from the first laser
the second laser. A polarization controller is employed
compensate for possible polarization distortions in fib
transmission.

Figure 6 shows temporal wave forms for the total inte
sity of the two laser outputs before and after the synchro
zation. When the second laser is not matched to the
laser, the light injection has little effect on the output of t
second laser and the latter shows very weak fluctuation
shown in Fig. 6~a!. When two lasers are well matche
through adjusting the bias injection current and the temp
ture of the two lasers and the injection power is appropria
set, the shape of the optical spectrum of the second l
becomes identical to that of the first laser~Fig. 2!, i.e., injec-
tion locking is achieved between the two lasers. Synchro
zation of the oscillations of the total intensity output of t
two lasers is observed under the conditions for inject
locking as shown in Fig. 6~b!.

Here we show that not only the wave form of total inte
sity but also antiphase behavior can be reproduced in
second laser. We compared a typical rf spectrum of to
intensity with that of the summed intensity in the seco
laser with optical injection as in Fig. 3. Figure 7 shows PS
d
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of the total and summed intensity for selected~a! three-
mode,~b! ten-mode, and~c! 18-mode intensities in the sec
ond laser, respectively. Judged from the PSD spectra,
enature of the mode dynamics in the second laser is sim
to those in the first laser, i.e., in-phase dynamics around
relaxation oscillation frequency and antiphase dynamics
lower frequencies. Although it is not conclusive that all t
modal intensities are individually synchronized, the simila
ity between Figs. 3 and 7 show clearly that phase dynam
with similar frequency dependence is reproduced in the s
ond laser by the signal injected from the first laser.

IV. CONCLUSION

We have presented clear experimental evidence that
tiphase dynamics occurs in a multimode semiconductor la
with optical feedback. Specifically, for fast chaotic oscill
tions obtained with weak optical feedback, we have sho
the relative phases of modal intensity oscillations over
full frequency range up to the relaxation oscillation fr
quency. We have shown that perfect in-phase dynamic
modal intensities appears at the relaxation oscillation
quency (;2.4 GHz), while partial antiphase dynamics o
curs at lower frequencies. This behavior becomes more
dent with the increase of the number of longitudinal mod
We have also shown that the antiphase dynamics can
reproduced in a second laser which is synchronized to
first by optical injection.
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