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Communication Using Synchronization
of Optical-Feedback-Induced Chaos in
Semiconductor Lasers

Y. Liu, H. F. Chen, J. M. Liu, P. Davis, and T. Aida

Abstract—A communication system based on the synchroniza- applied to synchronize the feedback-induced optical chaos,
tion of optical chaos in semiconductor lasers is proposed. The op- which uses an external cavity semiconductor laser on the trans-
tical chaos is generated in a single-mode semiconductor laser with e side and a semiconductor laser with optical injection
external ring optical feedback. Synchronization of chaos is per- . - - o .
formed by a direct optical-injection scheme that consists of a trans- on th.e receiver S'de_ [14]. The dl_rect |_nject|0n sc_heme. received
mitter laser with an external optical feedback and a receiver laser Cconsiderable attention due to its simple configuration [15],
with optical injection from the transmitter laser. Both numerical  [16]. We restrict ourselves to the direct injection scheme in this
and experimental results on synchronization of giga-hertz chaotic paper.
signals are presented. Direct encoding of 2.5 Gbps messages onthe g1 the direct injection scheme, the complex electric fields of

chaotic waveform is numerically demonstrated. The bit-error rate the t itter | T dth ver| R
shows a sensitive dependence on the frequency detuning. he transmitter lase£,” , and the receiver lasek;™, are respec-
tively described by following equations:

Index Terms—Chaos synchronization, injection locking, optical

chaos, optical communication, optical feedback. dET(+ T
W) _ L AGT(NT)ET (1) - juT (NTYET (1
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|. INTRODUCTION + et BX(t = 7) (1)
N the last decade, chaos synchronization has been applied dER(t) U R, vRySR . Ry/arRy R
to communication systems over a wide range of band- i) §AG (NEHET() — g (NDET(?)

width [1]-[5]. Synchronization of optical-feedback-induced
chaos is among the first schemes proposed for applying
chaos synchronization to high-frequency communicatidfiere, the superscripfE andR denote transmitter and receiver,
systems. Other schemes to generate chaos in semiconduespectively. The first equation describes the dynamics of a
lasers include optical injection and optoelectronic feedbackemiconductor laser with optical feedback with the feedback
Chaotic optical communications based on chaos generagtengthy... and the round trip time, and the second equation
by such schemes have also been considered [6]. There adescribes the dynamics of a semiconductor laser with optical
number of advantages in using chaotic signals generatedirifection from the transmitter laser with the injection strength
semiconductor lasers with external optical feedback: 1) Ap, and the propagation timez, NV represents the carrier den-
optical-feedback-induced chaotic state can have a very higity in the laser active laye[,L AG(N) andw(NV) represent the
dimension due to the delay-induced dynamics [7]; 2) Thearrier-dependent net optical gain and the angular frequency,
optical-feedback-induced chaos can achieve a high bandwidtspectively.
ranging from a few giga-hertz to tens of giga-hertz; 3) The In the synchronization scheme described by these equations,
optical-feedback scheme is very simple and can be eadihere are a number of critical issues that are very important when
implemented in modules. In the past few years, several alg@pplying the present synchronization scheme to communica-
rithms have been demonstrated to achieve synchronizatiortioh systems. First, the existence of the synchronization solu-
optical-feedback-induced chaos between two semiconduction is guaranteed by the equality of the feedback term and the
lasers [8]-[12]. Recently, a direct injection scheme [13] wasptical injection term. However, in (1), the feedback light has
exactly the same optical frequency as that of the light emitted
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TLD T fields in (1) and (2) ags(t) = A(t) exp(—iwgt), one has the
M. Bl(t-1) E'(t) _ _ p ot ),
= — following equations [16]:
dAT(t .
®) 24Ty 4 (wd = W) AT (2)
dt 2
1N
+ = (1 —ib)gm AT (#) 4+ e AT (£ — 7)
Isolator 2 o T
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Fig. 1. Schematic of optical-chaos synchronization by optical injection. X exp(ingR —iQt) + Fsﬁf 4)

The receiver laser output can be either a synchronized signaindfere A is the total complex intracavity field amplitude at the
the transmitter laser or simply a chaos-driven oscillation of tlesscillation frequencywy, +. is the cavity decay ratey, is the
transmitter laser, depending on the injection condition. In bolbngitudinal mode frequency of the cold laser cavityis the
cases, the receiver laser output resembles the transmitter ldisewidth enhancement factdr,is the confinement factor, =
output in both waveform and spectrum. These issues have hgt/c is the delay time of the external feedbagkis the gain
been clearly dealt with before raising doubts on the corresparpefficient.Q = wl — w{ is the detuning frequency between
dence between theory and experimental results. TLD to RLD and g is the propagation time from TLD and

In this paper, we aim at clarifying these issues for thRLD. Inthis paperwe assumg = 7 without loss of generality.
purpose of proposing an optical communication system usifg, is the complex Langevin noise term that is characterized by
the optical-feedback-induced chaos in semiconductor lasersthe spontaneous emission faciy;,. The carrier density within
the next section, we first propose an optical-feedback-inducem cavity is described by the following equation:
chaos scheme using a semiconductor laser with an external
ring cavity to completely avoid the multiple reflection effectgn?-#(¢)  J©®

_ T,R
The effects of frequency detuning and injection strength on ~ Ted VN
synchronization performance are investigated and the differ- 26012 1R T B2
ence between the synchronized state and the driven state due —mg ’ |A ’ (t)| ®)
0

to strong injection is shown. Following the numerical results,

n Se_zcnon lll, we set up an expe_rlment l.JS'ng.tV.VO S.mgle'm()dﬁherej is the injection current density; is the electronic

semiconductor lasers coupled in the direct injection schem% . . . . .

o . . . charge,d is the active layer thickness, and is the carrier

Chaos synchronization in gigahertz bandwidth is experimep- The iniecti densit b lized
tally demonstrated when the injection strength matches t a-ay ra_lte. © Injection current densiycan be normalize
: . _With a dimensionless parametér= (J/ed — vsNg) /s No.

feedback strength of the external ring cavity of the transmitt lso andn,, are normalized withy, as I

laser, thereby verifying the existence of chaos synchronization, * /=" ling ¢ @Text = TeSext

. o : Nd 7in; = 7.&inj, respectively. We assume identical values
rather than the chaos-driven oscillation with the proposeoq b,T',~., and~, for both the TLD and the RLD since these

scheme. Finally, in Section IV, we propose a GHz communicg- . -
. : : ) : ameters have much less influence on synchronization per-
tion scheme using the synchronized optlcal—feedback—mdu%%ljr

chaos. The bit-error rate (BER) for a 2.5 Gbps message #t%r}wance than frequency detuning or injection strength [15],
evaluated for a wide range of frequency detuning and the I’eSLE '

demonstrate that the BER sensitively depends on the frequen Numerical simulations have been conducted using the above
detuning ydep q e%ations. Fig. 2 shows a set of numerical results obtained at two

typical injection conditions. Laser parameters dfe= J7 =
0.67,0 = 4,1 = 04,7, = 2.4 x 101 571, v, = 1.458 x 10°
s, andR,, = 4.7 x 10'® V?m~2 s™!, which are typical
values for a single-mode Fabry-Perot semiconductor laser used
The configuration of our scheme for synchronizing opticafor optical injection [17]. The top trace of Fig. 2(a) shows the
feedback-induced chaos via direct injection is shown in Fig. ¢haotic intensity variation of the TLD. At this feedback level
The output light from the transmitter laser diode (TLD) is dif{r = 3.0 ns andf.,; = 0.01), the transmitter laser is in a com-
vided into two beams, one is coupled back to the transmitigletely chaotic state as can be seen from the time series and also
laser itself with the feedback strength,; and the other is in- from the broadened peaks of its corresponding power spectrum
jected into the receiver—laser diode (RLD) with the injectioehown in the top trace of Fig. 2(b). The middle trace of Fig. 2(a)
strengthy,;. The optical length of the external feedback path ishows the output intensity signal of the RLD&; = Eext.
the TLD isl..¢. An optical isolator is used to avoid both multipleBecause there is no parameter mismatch or noise included in
reflection in the feedback loop of the TLD, and mutual couplinthe simulation, one obtains a perfectly synchronized waveform
between the TLD and the RLD. Rewriting the complex electriand power spectrum at the output of the RLD. The bottom trace

Il. CHAOS SYNCHRONIZATION AND CHAOS-DRIVEN
OSCILLATION
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Fig. 3. Synchronization errofo) versus detuning frequency. Black dots:
&inj = Eoxt = 0.01, triangles:&in; = 30&.x: = 0.3. Other parameters are
the same as in Fig. 2.

with its output directly responding to the injection signal, i.e.,
ER(t) oc ET(t — 7). It has been shown in previous works [15],
[16] that, in the case of synchronization, the time lag between
the output waveforms of the receiver and transmitter laser is de-
termined by the difference between the propagation time and
the delay time of the ring cavity, i.el;; = 7 — 7; while in
the case of driven oscillation, the time lag is only determined by
the propagation time, i.€l;; = 7x. Though very similar optical
and RF spectra between the two lasers may be observed in both
cases, the absence or presence of a time lag tells the difference
between the two scenarios.

(®) To quantitatively evaluate the synchronization performance,
Fig. 2. (a) Time series. (b) RF spectra of laser output calculatetfat=" we define a general synchronization errowas: {|f(S(t) —
JT = 0'67’.T = 3 ns,{.xe = 0.01, and2 = 0. Top trace: outpgt of TLD, ST(t)|>/(ST(t)> where( ) denotes the time average afidle-
middle trace: output of RLD &in; = £oxe = 0.01, bottom trace: output of . L . . .
RLD até;,,; = 0.3. All traces are plotted with same scale. Note that there is Rotes a function consisting of a time shift and a linear transfor-
time lagT,; = 7 between the top and bottom traces. mation to normalize the amplitude of the RLD output signal to
that of the TLD. Fig. 3 shows the synchronization ersoas

in Fig. 2(a), however, is the time series obtained when a mu%H‘unctlon of the detuning frequency for both synchronization

stronger injection strengittin; = 30¢w..) is chosen. Other pa- and driven-oscillation cases. For the synchronization case, the

rameters of the RLD are assumed the same as those of the TEB'_lchronlzanon error has-a minimum valuetat= 0 and in-
) ! ) . creases as a power function @f On the other hand, for the
From the correlation function, we find a time 1dg between

the top trace and the bottom trace. This time lag is verified to ggse when the receiver laser behaves as a driven oscillator, there

equal to the delay time. Actually, a comparison 47 (1—r) 2 Is'no remarkable change in the synchronization error when the

and|E*(t)|? shows that they correspond extremely well exceEthequency detuning varies.

for a nonunity factor between the amplitudes of these two sig-
nals. The excellent correspondence between the top and bottoWT EXPERIMENTAL RESULTS OFCHAOS SYNCHRONIZATION
traces can also be seen in the power spectra of the two signalExperiments on synchronization were performed using a
[Fig. 2(b)]. In other words, in the case of strong injection, bgetup schematically shown in Fig. 4. Here, we use a DFB
linearly transforming and shifting the output of the RLD, onsemiconductor laser with external optical feedback as the
can get an almost identical signal as the output of the TLD. transmitter to generate chaotic signal and another DFB laser
Let us briefly comment on the significance of the time lagubject to the optical injection from the transmitter laser as the
T, due to the strong injectioftin; > &ext). FOr perfect syn- receiver. Even when the laser output is chaotic, the side-mode
chronization with no frequency detuning, becauge= 7 is suppression ratios of both lasers are measured to be about 40
assumed in the simulation, the output of the RUD?(¢), is  dB, which guarantees the single-mode operation of both lasers.
identical to the output of the TLDE? (¢), i.e., E(t) = ET(t), The injection current of the laser is set at 12.4 mA which is
while receiving the injection signdl? (¢ — 7) from the TLD. about 1.67 times of the laser threshold current (7.41 mA) of
In other words, in the case of perfect synchronization, the RUbe free-running laser. At this operation point, the wavelength
reproduces the dynamics of the TLD. In contrast, in the caseisf 1537.49 nm and the relaxation oscillation frequency is
strong injection, the RLD behaves more like a driven oscillatoneasured to be 3.3 GHz. The wavelength and the relaxation

Spectrum (10dB/div)

0 1 2 3 4 5 6
Frequency (GHz)
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Fig. 4. Experimental setup for synchronization. PD: photodiode, NDF: neutral density filter, BS: beam splitter, HWP: half-wave plate.

oscillation frequency of the receiver laser are matched to tho
of the transmitter laser by adjusting the injection current an
the operation temperature (both within the accuracy of 1%). B
monitoring the beat signal between two free-running lasers, Ve
can set the frequency detuning between the two lasers Witf‘;
a few megahertz. The intensity variations of the laser outpi s
is detected by a photoreceiver of 6 GHz bandwidth and i E
observed with a digital oscilloscope of 3 GHz bandwidth anng
10 Ghit/s sampling rate as well as a RF spectral analyzer
8-GHz bandwidth.

An optical isolator with an isolation of 60 dB is used to avoid
both multiple reflection in the feedback loop of the TLD and
mutual coupling between the TLD and the RLD in the experi
ment. Half-wave plates are used to adjust the polarization staic.
of the feedback/injection light in order to obtain the maximum (@
feedback/injection effects. The time delay of the external rin =
cavity length is measured to be 3.3 ns. The feedback level,
well as the injection strength, is varied with neutral density fil- ) 11 A A | .
ters. In the current experiment, the feedback level is controlle Z ]
within the range of ... = 0.005 ~ 0.1. By gradually increasing
the feedback level, we observed a continuous bifurcation froiZ
periodic oscillation to quasiperiodic oscillation, and finally to §
chaos. The oscillation frequencies of the periodic states and t §
spectral peak frequency of the chaotic oscillation vary from &
few gigahertz to more than 10 GHz depending on the injec
tion current level of the laser. In this experiment, we limit the
bias injection current to a low level to set the relaxation oscil ' ‘ ' ' ‘

0 5 10 15 20

Time (ns)

dB/d

lation frequency around 3 GHz, which is within the bandwidtt 0 ! 2 3 4 3 6
of the digital oscilloscope, so that the temporal variations of th Frequency (GHz)
chaotic waveform can be observed with sufficient resolution. (b)

Fig. 5(a) shows atypical chaotic time_series of the transmitt%. 5. Experimental results of synchronization: (a) Time series. (b) RF
laser output (upper trace) and the receiver laser output (bottepactra. Upper trace output of TLD, lower trace output of RLD.

trace) obtained in the experiment. The corresponding power

spectra are shown in Fig. 5(b). The broadening of the spectralAs explained in the previous section, a tricky problem in this
peaks indicates chaotic variations of times series while the dénchronization scheme is the difference between synchroniza-
crete peaks show beat frequencies corresponding to the extetioal and driven oscillation. Since for both cases RLD output has
ring cavity. The maximum spectral peak is at 3.34 GHz. A goawaveform similar to that of TLD, it is difficult to distinguish
correspondence between the output waveforms of the two lastes two cases from the optical or RF spectra of the two lasers.
can be recognized from both the time series and the spectra. We have checked the time relationship and have verified that
calculated the synchronization error to be about 10% in Fig. the time lag between the RLD and the TLD decreasesiaf-
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creased. We have further verified that the synchronization error

‘ . R ) Message
rapidly deteriorates when the injection strength deviates from
the optimum value. These evidences strongly suggest that the
observed phenomenon is indeed the synchronization rather than TLD

. I . . : NoME(t-T) ET T
the chaos-driven oscillation. The details of the experiment will ext ® mE(t)
be published elsewhere.
u M odulator
ke

IV. COMMUNICATION SCHEMES USING
OPTICAL-FEEDBACK-INDUCED CHAOS

A number of message-encoding methods have been applied to Isolator

optical-feedback-induced chaos for cryptographic communica-
tions. One method used a chaos shift keying algorithm by mod-
ulating the injection current of the transmitter laser with a bit
sequence to switch the transmitter laser output between two dif-
ferent chaotic attractors corresponding to “1” and “0” bits [9],
[18]. Atthe receiver end, two lasers are prepared which synchro-
nize respectively to the attractors of “1” and “0” bits. Message
recovery is performed by detecting the difference between a re-
ceiver laser output signal and the injection light signal. The dis-
advantage of this method is that the bit frequency is limited b'y _ _ o _ o
i . . . . 19. 6. Schematic of optical communication scheme using synchronization of
the synchronization time and accordingly a high bit rate canrgﬁical_induced_chaogﬂ — + was assumed.
be expected. The second method employed a chaos masking
scheme by superimposing a small modulated optical signal or*~ . .
the light output of the transmitter laser or by adding a small mo
ulated electric signal to the transmitter laser injection currer 50 - ‘ *
Message decoding at the receiver end is performed by tak .
the difference between the receiver laser output signal and 401
injection light signal. This method was implemented in sever &
experiments [2], [10], [12]. A recent experiment reported that ©
is possible to mask a sinusoidal signal up to the relaxation fi 20 - .
guency of the laser [12]. This simple method is, however, less

o PP ERGo)?

PD2
mET(tr) mET(t-1)2

!

30

ficient because only a part of the injection light power carries it~ 1?7 ®
formation, most being used to mask information. A third methc g8—2—09 9 o o oo o oo e oo ]
directly encodes the information onto the chaotic signals with 0 02 0.4 0.6 0.8 |
the feedback loop of the transmitter laser. The message-enco «

signal is also used to synchronize the receiver laser. This methuu
was applied to a number of optical-chaos systems [19]-[22]g. 7. Calculated synchronization error versus modulation amplitude
The main advantage of this method is that it does not requirerameters arel™ = J¥ = 0.67,7 = 3 nS,&inj = &oxe = 0.01. The
that the encoded message be at a lower frequency compared&tsage is a pseudo-random NRZ code at a bit rate of 2.5 Gbps.
the chaotic carrier signal. In this paper, we apply this method to
our synchronization scheme. We numerically show that perfessinchronization erroe. Fig. 7 shows the variation of as a
chaos synchronization can still be achieved for a certain ranfgection of y. Here, a nonreturn-to-zero (NRZ) pseudo-random
of modulation depth and, as a result, a reasonable BER perfoit- sequence was employed as the message. From Fig. 7, we
mance can be obtained for a high bit rate of 2.5 Gpbs. find that perfect synchronization between the TLD and the
Fig. 6 shows a schematic of message encoding in our ch&lD is achieved for a wide range of the modulation amplitude.
synchronization system. Here, an electro-optical modulatdhis is essentially different from another optical chaos system
is inserted in the external feedback loop of the transmittf8] where a nonsymmetrical configuration between TLD and
laser. Using this modulator, we modulate the optical field &LD was employed.
m(t)ET (t), wherem = 1+ x for a “1” bit, andm = 1 — x At the receiver end in Fig. 6, the light output of the RLD is
for a “0” bit. Here, x < 1 is the modulation amplitude. detected by a photo-receiver and generates an electrical signal
When adding the messages, the feedback term in (3) and gineportional to|EX(¢)|>. Meanwhile, a part of the injection
injection term in (4) are changed tR,,m(t)AT(t — 7) and light from the TLD is directly detected by the second photo-re-
nnym(t)AT(t — Tr), respectively. One can easily find thatceiver and generates the signal proportionagt) £ (¢)|>.
the inclusion of the message does not change the symmatfen the RLD is synchronized to the TLD, the encoded mes-
between the transmitter and the receiver lasers. We verified thigye can be recovered from the ratid 8f (¢)|? and|E%(¢)|?
through numerical simulations. To show how the modulaticas 72 = |E(¢)|?/|E®(t)|%. It is noted that the above re-
amplitude, i.e., the message amplitude, affects the synchecovery algorithm is based on the condition that the light output
nization quality, we change the value gfand calculate the of the RLD is not a driven signal, but a synchronized signal
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01 )i directly injecting the light output from the transmitter laser to
1. o the receiver laser. We have demonstrated that, depending on
the injection condition and the frequency detuning between the
2% a a a a ° transmitter and receiver lasers, the receiver laser can be in either
= ° the synchronization state or the driven-oscillation state. Though
g -3+ o in both states the oscillation characteristics of the receiver laser
= 4 o are similar to those of the transmitter laser, these two different
states can be distinguished from the temporal relationship be-
-5 . tween the output waveforms of the two lasers and from the lim-
ited tolerance of the synchronization state to parameter mis-
6 ’ ’ ' ‘ ' ' match between the two lasers. Experimentally, an external ring
0.0001 0001 0.0l 0.1 1 10 100 1000

cavity was used to generate optical chaos in the transmitter laser
and a direct optical injection was used to synchronize two lasers.
Fig. 8. Calculated BER versus frequency detuning. Parameters/ &re= SynChromzatlo,n of giga-hertz chaotic S|gnaI§was dem,onStr,ated
JT = 0.67.7 = 3 nS,&n; = €. = 0.01. Black dots: no noise, triangles: With this experimental setup. It was shown with numerical sim-
noise at SNR= 40 dB. The message is a pseudo-random NRZ code at a bit ragéations that message encoding can be performed in the present
0f 2.5 Gbps with the modulation factor gf = 0.15. chaos synchronization system by directly modulating the trans-
mitter laser output. A pseudo-random NRZ sequence with the
of the TLD. In other words, the RLD receives the signal dbit rate of 2.5 Gbps is successfully recovered when chaos syn-
mET (t — 1), while it synchronizes to the signal” (¢). chronization is achieved. The BER was evaluated and a very
To study the performance of this system, we encode a pseuggnsitive dependence of the BER on the frequency detuning be-
random NRZ bit sequence and calculate the BER. Fig. 8 shotgen two lasers was demonstrated through the numerical sim-

Q21 (MHz)

the BER as a function of the frequency detuning for a messagjation.

with the bit rate of 2.5 Gbps and = 0.15. Here,m is evalu-
ated from the ratioE” (¢)| /|E¥(¢)| and no averaging was per-
formed. BER is computed using the bit length upl® bits.
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variations of log (BER) and lof, which is similar to the case of

the synchronization error shown in Fig. 3. The BER in the pres-
ence of noise is plotted in triangle marks in Fig. 8 for compar-
ison. The noise factor is evaluated with the signal-to-noise ratio[1]
(SNR) which is defined as SNR 201log({|ET ()]} /{|¢()])) 2
where (|{(¢)|) is the average noise amplitude [22]. SNR was
evaluated to be about 40 dB at this case. Improvement of BER
can be expected with the reduction of noise level. (3]

The bit rate of the encoded message is limited only by the[4
main frequency of chaotic signal. In this particular example, a
2.5 Gbps bit rate was chosen due to the fact that a relatively low
injection current of the laser was used which results in the lasef
relaxation frequency below 3 GHz. Higher bit rate up to 10 GHz
can be achieved by using a laser operated at higher injectiorf]
current.

There is a trade-off between the BER and the secrecy of thgz)
message. A large modulation depth can improve the BER, but at
the same time, the message has the risk of being exposed in tt}g]
transmitted signal. For the encoding condition used in obtaining
Fig. 8, we have checked the transmitted sign&t)E* (¢) and
have verified that the message cannot be taken directly fron®!
time series of the transmitted signal. In fact, even the bit repeti-
tion frequency cannot be recognized from the power spectrumnio]
of the transmitted signal.

[11]
V. CONCLUSION

An optical communication system based on the synchronizd2l
tion of optical-feedback-induced chaos in two semiconductor
lasers is proposed and studied. Synchronization is achieved by
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