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Fiber Ring Laser
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Abstract—We report a numerical study on the deterioration of
eye opening penalty (EOP) and bit error rate (BER) of thereceived
message from a communication system based on chaos generated
in erbium-doped fiber ring laser (EDFRL) under the influence of
amplifier noise, transmission fiber dispersion, and nonlinearity.
Three different transmission fibers with practical parameters
are considered. We find that in order to realize high-bit-rate
chaotic communication, the residual fiber dispersion should be
kept as small as possible. Furthermore, if the transmission power
is optimized to balance the effect of amplifier noise and fiber
nonlinearity, a message with bit rate on the order of several
gigabits/second can be transmitted over hundreds of kilometers
with acceptable BER deterioration. A comparison between open-
and closed-loop structures is also conducted. Moreover, we find
that the maximum bit rateislimited by the bandwidth of the chaos
determined by the nonlinearity of the fiber ring laser and the
laser configuration. It is possible to optimize these parameters to
provide the maximum chaos bandwidth and hence the maximum
message bit rate.

Index Terms—Chaos, encoded communications, erbium-doped
fiber laser, fiber nonlinearity, fiber propagation, secure communi-
cation.

I. INTRODUCTION

ECURE communication using chaos as a carrier has been
SNi dely studied since the discovery of synchronized chaos
[1]. Recently, with the observation of synchronized chaos in
lasers, such as Nd: YAG laser [2], CO- laser [3], semiconductor
laser [4], and erbium-doped fiber ring laser (EDFRL) [5], op-
tical secure communication has received considerable attention
due to the potential huge bandwidth. EDFRL is especialy at-
tractive since its lasing wavelength is near the minimum atten-
uation of the fiber. The common methods of introducing signal
into the chaotic communication are message masking [6] and
chaos modulation [7]. In the first method, the message is just
added to the chaotic pulse stream. In the second method, the
message isused to drive the chaotic dynamics of thelaser. Obvi-
ously, this second approach provides enhanced security over the
first one. To retrieve the message at the receiver, the modul ated
chaotic pulse train is coupled to another near-identical chaotic
system. In this case, the receiver generates a chaotic pulse train
synchronized to the transmitter chaos. The message is then re-
covered by canceling the two chaos trains against each other.
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The chaotic dynamics of EDFRL and its application to
communications have been investigated both theoretically and
experimentally [5]-{12]. Abarbanel et al. [8] developed atheo-
retical model of EDFRL and showed that a chaotic oscillation
can achieve a bandwidth of at least several gigahertz. The
chaotic behavior was found to arise from the nonlinear Kerr
effect. Luo and Chu [5] and Lewis et al. [9] have studied the
synchronization robustness when the corresponding parameters
in the transmitter and receiver are mismatched. Luo et al.
[10] demonstrated that a sinusoidal signal at 1 GHz could be
transmitted and recovered in a chaos communication system.
VanWiggeren et al. [12] realized chaotic EDFRL communica
tion over atransmission single-mode fiber of 35 km and digital
message at 250 Mb/s.

To construct a practical chaos communication system, we
need to take into account many factors. For example, the max-
imum message bit rate will be limited by the bandwidth of the
chaostrain and the characteristics of the transmission fiber such
asitslength, dispersion, nonlinearity, etc. Very little hasbeenre-
ported on these aspects, athough the bit constraints caused by
long-distance transmission in a chaotic communication system
based on semiconductor laser has been studied [13].

In this paper, we provide a detailed numerical study of trans-
mission degradation of the retrieved message from a chaotic
carrier generated by an erbium-doped fiber ring laser. The dig-
ital message is introduced into the transmitter chaos through
chaotic modulation 7], [12], i.e., the second approach described
in the previous paragraph. The encoded chaotic pulse train is
then transmitted to the receiver through a conventional trans-
mission fiber. The propagation along this transmission fiber is
described by the nonlinear Schrédinger equation by taking into
account the fiber dispersion and nonlinearity. The transmission
distance is severa hundred kilometers.

This paper is outlined as follows. In Section |1, we describe
the moddl used for the transmitter (receiver) and the transmis-
sionfiber. Also, we characterize the chaotic modulation method.
In Section 111, we study eye opening penalty (EOP) degrada-
tion at different bit rates due to amplifier noise, fiber dispersion,
and nonlinearity. The effect of electrical filtersisalso discussed.
Then in Section IV, we demonstrate bit error rate (BER) per-
formance in three different transmission fibers. In Section V,
chaotic communication employing the closed-loop structure is
examined and compared with the open-loop structure. In Sec-
tion VI, the available bandwidth of EDFRL and the bit barrier
of chaotic communication are discussed. Finaly, in Section VI
we give a summary of our work.
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Fig. 1. Diagram of communication by synchronizing two chaotic EDFRLSs.
PD: photodiode; EOM: electrooptical modulator.

II. THEORY MODELS

Fig. 1 shows the open-loop structure widely studied in the
experiments [6], [7], [10], [12]. The transmitter consists of an
EDFRL and an electrooptical modulator (EOM). The electric
field circulating in the transmitter laser is E; (¢), which is mod-
ulated by the message signal m (¢). An output coupler directs
apart of E, (¢) out of the ring and into the transmission fiber.
The remaining light continues to circulate around the ring. At
the end of the transmission fiber of 1. km, the chaoctic output
becomes E.: (t), which is injected into the receiver ring. In
the receiver, the light is split again. One part of the signal is
directly detected by photodiode A. The remaining part passes
through the receiver with a variable time delay device and de-
tected by photodiode B as E. (). The variable time delay de-
vice can be adjusted so that the receiver path length is equal to
the transmitter. In this way, the receiver chaos at photodiode B
will be synchronized with the transmitter chaos E. (¢), which
has been distorted by the transmission fiber. In the receiver, the
chaos detected by photodiode B E.. is delayed relative to the
chaos detected by photodiode A .., by oneround-trip. Thusif
we denote E,. = E, then E., = m (t + 7r) E. For simplicity,
we just take the waveform shape and ignore the relative ampli-
tude of E..: and E,..

Theencoding of the messagem (¢) isconducted by amplitude
shift keying (ASK) technique. Thisis done by an electrooptical
modulator in the transmitter loop such that the modulated signal
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can be represented by |E; (t)] = m(¢) |E: ()], where m =
v1+ K fora“l” bitand m = /1 — K fora“0” bit. K isa
modulation parameter and should be small enough to maintain
laser stability. In this paper, we set K = 0.1. The message can
be recovered by comparing |Eey|” with | E,|*. The decoded

message is m’ (t) = \i |Exe|* /| B
We follow the EDFRL model developed by Abarbanel et al.

[8] and Lewis et al. [9]. The doped fiber ring laser contains an
optical amplifier composed of erbium-doped single-mode fiber
of length [ 4 and apiece of passivefiber of length /. Thelength
of theoptical cavity isthen 4 +1r. The propagation of the el ec-
trical field E (z,t) = £ (z,t) ¢!®*02=<o1) in the active medium
can be described by

Oeg y (2,7)

5, )

=gn(7) eay + Layeay + Nayeay.
The retarded time is given by r = ¢ — z/v,, where v, isthe
group velocity of the waves. g is the gain parameter and » (7)
population inversion.

The linear operator L, , includes the linear birefringence,
group-velocity dispersion (GVD), and gain dispersion
tko (ng — ny) A i 5 gn(T)wT?
— P w— —fow — ————— =
+ nocw 2[2w 1+ w273

@)

L., =+
Y 2710

The nonlinear operators are

. 2
N’L‘E.’L‘ =1tX3 { <[5T (ZaT)IQ + 3 [511 (ZaT)[2>
1, 2
cen(z,7) + 36 (z,7) ey (z,7)

. 2 2 2
Nye, =ixs { <[5y (z,7)|"+ 3 lex (z,7)| )

cey (z,7) + %52 (z,7) ez (2, 7)2} 3)

where A = ng(nz —ny) is the differential birefringence.
T, is the decay time of the fast fluctuations of polariza-
tion. The third-order nonlinearity xs can be related to the
nondimensional nonlinear phase shift #,,; experienced by a
field as it passes through the fiber, which can be given by
Yt = x37 (g +1p) /A (P, +2P,), where P, and P, are the
optical powersin the parallel and perpendicular directions.

In Fig. 1, asecond loop of passive fiber is added to the ring.
A fraction « of the light enters this fiber. Asthislight reenters
the main ring, it will experience birefringence described by a
Jones matrix Ji.op and a second time delay 7p. In this paper,
we choose o = 0.1 and 7p = 0.2087.

Theoverall propagation map M. including al the passive and
active parts of thering is

e(t+Tr)
=M {e(t)}
=RJpc|(1—a)P{e(t)} + ahoopP {e(t +71)}]. (@)

From left to right, the terms are polarization-dependent atten-
uation, R = diag (R,, R,), the unitary Jones matrix for the
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TABLE |
TYPICAL PARAMETERS FOR EDFRL SIMULATIONS

Quantity Symbol Value
Linear birefringence n,—n, 1.8x10°¢
Pump strength 0] 2.4x107
Gain term 2gl, 1.35x107
Round trip time Tp 100 ns
Excited state lifetime T 10 ms
Polarization dephasing time T, Ips
GVD coefficient 5, -20ps2/km
Polarization controller ,.0,,0, 0.5,1.2,1.5
Absorption coefficients R, R, 0.90,0.91
Active fibre length l, 10m
Passive fibre length l 10m
Nonlinear phase shift W 1.6x107

polarization controller Jp¢, and the propagator through the ac-
tivemedium P. The overall phasefactor and Jones matrix of the
passive fiber have been absorbed into Jpc.

The dynamics of thering laser can be described by the evolu-
tion equations of electrical field = (¢) and integrated population
inversion w (1) = 13! OIA n(z,7)dz.

In the receiver, the dynamical equations are

o Tm)= M, i ) 1) ®)

dwy (7 T glawn (7

= Q= () e (PP (2000 1)%.)
6

The detailed numerical model can be found in [8]. We use sim-
ilar parameters given in [8] and [9] for the EDFRL simulations,
which are listed in TableI.

In the following calculations, we set 20000 points around
the ring to sample the electric field. This corresponds to atime
resolution of 0.005 ns. We should be able to resolve fluctuations
in electric field up to 200 GHz.

The propagation along the transmission fiber connecting
the transmitter and the receiver is described by the nonlinear
Schrédinger equation [14]

O’FE
o1?

OE

. —y|EP E+E(2,T)6 (2 —nLy,).

()
Here £ (2, T) is the complex slowly varying amplitude field,
z is the propagation distance, and 7’ is the time measured in a
reference frame moving at group velocity. v isthe nonlinear pa-
rameter that takes account of optical Kerr effect. I is the fiber
loss. s is the second-order dispersion parameter. £ (2,7T) is
amplifier noise introduced into the transmission fiber periodi-
caly at every lump amplifier. 6 represents Dirac’s delta func-

J 1
=—TE+-_5
5 +2/2

tion.n = 1,2,3 and L, is amplifier spacing set as 60 km in
this paper. In the simulation, we add to each spectral component
of the transmitted field an independent noise term whose real
and imaginary parts are independent Gaussian variables with
variance [15]0% = ng,hv (G — 1) Av/2. G is the amplifier
gain to compensate transmission 10ss. n, accounts for incom-
plete population inversion. A is Planck’s constant, v is the car-
rier frequency, and Av is the bandwidth occupied by each dis-
crete Fourier spectrum component. The amplifier noise figure
(NF) is considered to be 5 dB by setting n,, = 1.6, since
NFE = 10log; 2nsp.

I1l. SIMULATION RESULTS AND DISCUSSIONS

The decoding schemeisillustrated in Fig. 2. £, and £, are
first converted into two electrical signals by means of the pho-
todiodes. These photodiodes must have a sampling bandwidth
at least equal to the message hit rate. Electrical filters can also
be added after the photodiodes, in the form of a second-order
low-pass Butterworth filter (called filter 1) with a bandwidth of
1.3 BR[13] (here BR isthe bit rate of the message). We choose
this value since it can preserve the modulation information as
well as remove the fast fluctuations caused by the detrimental
effectsinthetransmissionfiber. After thedivision of thetwo sig-
nalsfor extracting the message, another Butterworth filter (filter
2, with a bandwidth of 0.8 BR ) is used to refine the recovered
message. The system performance can be quantitatively eval-
uated by means of the EOPR, which is defined as 10log (a/b),
where ¢ and b are the maximum eye openings measured for the
decoded message without and with transmission.

We consider atransmission fiber consisting of acombination
of a conventional single-mode fiber (SMF, ['; = 0.2 dB/km,
fBor = —20 ps?/km, and v; = 1.3/W/km) and a dis-
persion-compensating fiber (DCF, T'; = 0.5 dB/km,
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Fig. 2. The scheme of decoding message.
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Fig. 3. Chaotic evolution of the transmitter and the receiver sampled at 200
GHz. The two EDFRLs are linked by a dispersion-compensated fiber of 120
km. The transmission power is set as P,, = 0 dBm. (&) Typical output from
the transmitter without encoding message; (b) typical output of the transmitter
(E,) after encoding digital message at a bit rate of 3.12 Gb/s; (c) output of the
receiver (E,.).

P22 = 100 ps*/km, and y» = 3.5/W /km). At first, we ignore
the amplifier noise and consider only the effect due to the
transmission fiber. Since the dispersion effect of the fiber is
removed by compensation, the only detrimental effect left to
be considered is its nonlinearity. If the transmission fiber is
periodically amplified, the average transmission power at the
output of the amplifier can be characterized by P,, . Fig. 3(a)
shows the temporal behavior of the transmitter chaos without
modulation and Fig. 3(b) is for the case when the chaos is
modulated with a digital message at 3.12 Gh/s. The modulation
will throw the laser field into atotally different chaostrajectory,
so Fig. 3(b) is quite different compared with Fig. 3(a). The
receiver chaos is shown in Fig. 3(c), which, as can be seen,
is synchronized to the modulated transmitter chaos given in
Fig. 3(b), enabling the encoded message to be recovered by
comparing them. It should be noted that in the receiver, the
chaos is not modulated by any digital message, athough it
looks to be similar to the chaos shown in Fig. 3(b). The reason
for the superficial resemblance is due to the small amplitude of
the digital message encoded in the transmitter chaos.

The decoded message from the receiver is showed in
Fig. 4(b). It issimilar to the original message given in Fig. 4(a)
except for the sharp fast oscillations. These oscillations come
from the small differences in the time traces of the transmitter
output before and after 120-km propagation. The quality of the
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Fig. 4. Message encoding and decoding; the parameters are the same as in
Fig. 3. (8) Encoded digital message of 3.12 Gh/s; (b) decoded message without
filter 1 and filter 2; (c) recovered message with only filter 2 used; and (d)
recovered message with both filter 1 and filter 2 used.
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Fig.5. EOP versus average transmission power after 120-km transmission for
several bit rates (only considering fiber nonlinearity effect).

decoded message can be improved by using the appropriate
bandpass filter to eliminate the fast oscillations. Filter 1 can re-
move these oscillations before the division process. In Fig. 4(d),
we can see the filtered message is quite good compared with
the input message [Fig. 4(a)].

The system performancesinfluenced by the fiber nonlinearity
for several bit ratesare displayed in Figs. 5 and 6. It isclear that
the EOPincreaseswith both the average transmission power and
transmission distance. For example, less than 0.8-dB penalty is
observed for 6.24-Gb/s message propagating over 300 km at
P,, = 0dBm.

Filter 1 is aso useful when eliminating the influence of am-
plifier noise. Fig. 7 shows the decoded message before filter 2.
Fig. 8 givesthe corresponding eye diagrams. Obviousdly, the fast
oscillations are reduced when filter 1 isused. The smallest EOP
is obtained from Fig. 8(c) when filter 1 issampled at 1.3 BRs.

Fig. 9 displaysthe EOP degradation at different averagetrans-
mission power under theinfluence of amplifier noise. Thetrans-
mission distanceis 60 km, which meansthe amplifier noise with
NF = 5 dB isintroduced. Considerableincrease of EOPisfound
when the message bit rate is BR3 = 3.12 Gh/s. We believe the
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Fig. 7. Decoded message beforefilter 2. Thebit rateisBR, = 1.28 Gh/swith
P,, = 0 dBm. The fiber length is 60 km and only the effect of amplifier noise
is taken into account. (a) Without filter 1; (b) with filter 1 sampled at 5.0 BRs;
and (c) with filter 1 sampled at 1.3 BR;.

optimum transmission power may be chosen to balance the in-
fluence of both amplifier noise and fiber nonlinearity.

IV. COMPARISON BETWEEN DIFFERENT TRANSMISSION FIBERS

In Section |11, we used EOP as a figure of merit. How-
ever, the system performance can aso be described by
the more important parameter BER, which is given by
[16]: BER =~ exp (—Q?/2)/v2rQ, where @ is given by
Q = (1) —(0)) / (01 + 00). Here (1) and (0) are the mean
intensity for binary 1 and O states, while oy and o are the
corresponding standard deviations.

In the above section, we assumed a transmission fiber com-
pletely dispersion-compensated. However, one would like to
know the system performance when the fiber dispersion is not
completely compensated. So we examine the BER degradation
with the residual fiber dispersion in Fig. 10. Both fiber nonlin-
earity and amplifier noise are excluded. It is clear that one must
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Fig. 8. Eyediagram at three different cases. The parameters in each case are
thesameasinFig. 7. EOPvauesare(a) 1.88, (b) 0.72, and (c) 0.37, respectively.
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Fig. 9. EOP versus average transmission power after 60-km transmission for
severa bit rates (only considering amplifier noise).

make the residual dispersion as small as possible in order to re-
alize high-speed message transmission. Fig. 10 can be a crite-
rion used to evaluate the influence of fiber dispersion on chaotic
encoded communication.

Now we consider three different transmission fibers: a)
single-mode fiber; b) dispersion-compensated fiber consisting
of a single-mode fiber and a dispersion-compensating fiber;
and c) dispersion-shifted fiber (DSF, I' = 0.2 dB/km,
Ba = —0.1 ps?/km, and v = 1.5/W/km).

When dispersion is not compensated, i.e., for the case of typ-
ical single-mode fiber communication, Fig. 11 illustrates BER
versus average transmission power at different transmission dis-
tances. The amplifier noise, fiber dispersion, and nonlinearity
are dl taken into account. The residual dispersion 32 L is 1200
ps? for 60 km and 2400 ps? for 120 km. So the errors are mainly
induced by fiber dispersion. From Fig. 10, faithful communica-
tion at bit rate BR3; and BR isimpossible. So only the case of
BR; isshown. Eveninthis case, acceptable BER isobtained for
length less than 60 km.

For thecase of b) and ¢), Fig. 12 showsthat there existsthe op-
timum transmission power that can balance the effect of ampli-
fier noise and fiber nonlinearity. For example, the smallest BER
can be achieved at P,, = 3 dBm for a dispersion-compensated
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Fig. 10. BER versus residual dispersion 3, L in the transmission fiber for
different bit rates. L is the transmission distance.
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Fig. 11. BER versus average transmission power P,. in single-mode fiber
transmission.

fiber and at P,, = 2 dBm for a dispersion-shifted fiber. Since
amplifier gains at spacing length 60 km are 15 and 12 dB for
b) and c), respectively, the dispersion-compensated fiber suffers
more noise effect. Moreover, from the criterion in Fig. 10, the
residual dispersion in adispersion-shifted fiber isnot aproblem
for hundreds of kilometers transmission. So in genera, the dis-
persion-shifted fiber shows better performance than for case b).
However, with the transmission power increasing, system per-
formance degrades more rapidly for the DSF case, especialy
when the encoded communication has higher bit rate BR3. This
is not surprising since in case b) the transmitted field is broad-
ened by SMF and then compressed by DCF, while in case ¢),
it only dlightly broadened due to the small dispersion of DSF.
Thus fiber nonlinearity effect is more serious in the DSF.

Figs. 13 and 14 display the deterioration of the BER as a
function of transmission distance at different bit rates for cases
b) and c), respectively. In each case P,, is set at its optimum
vaue. In these figures, amplifier noise, fiber nonlinearity, and
dispersion have been taken into account. It can be seen that gi-
gabit/second chaos communication can be realized up to several
hundred kilometers.
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Fig. 12. BER versus the average transmisson power P,, in
dispersion-compensated (DC) fiber and DSF transmission. The transmission
distance is 240 km.
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Fig. 13. BER deterioration with transmission distance increasing at different
message bit rates in a dispersion-compensated fiber. P,, = 3 dBm.

V. TRANSMISSION PERFORMANCE WHEN USING CLOSED-L OOP
STRUCTURE

The above discussions are based on the open-loop structure,
which is often employed in the previous experiments [6], [7],
[10], [12]. However a closed-loop scheme is aso of interest
and deservesfurther study. In[9], the closed-loop structure with
partially modulated branch is suggested. The setup is shown
schematically in Fig. 15. In the transmitter, before the laser
chaos is modulated, the optical field is split in a proportion
¢ : 1 — ¢. The ¢ branch in the transmitter is electrooptically
modulated, while the unmodulated 1 — ¢ branch isincluded to
achieve synchronization for coupling intherangeof 0 < ¢ < 1.
For ¢ = 1, the unmodulated branch is not needed; it becomes
the open-loop scheme (asingle-loop ring). After L km propaga-
tion, the transmitted field cme,; becomes cm’e} and injectsinto
the receiver. The equations for the two coupled lasers are

For the transmitter laser

er(t+7R) =M. (we (1), (em+1—c)e (7)) (8)

duw, (7) :Q—%{wt(7)+1+l(cm+1—0>5t<7>'2

dr
. (GQQIA'UH(T) — 1)} . (9)
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Fig. 15. Encoded communication employing closed-loop scheme with partial
modulation.

For the receiver laser

e (T+7R) =M. (w, (1), em’e, + (1 — ¢) &, (7)) (10)
WD~ T () 4 14 femlel + (1= ) e (O
(et — 1) (11)

The message can be recovered by comparing the injected field
and the receiver output

e’ () £
|cE, |

\/ lem (1)

AF; takesinto account the total distortion of the injected field.
Although the coupling strength ¢ can be different, em E, ex-

m (t) =

YE, + AEt[
|cE,[* '
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Fig.16. BER deterioration with transmission distanceincreasing when using a
closed-loop schemeillustrated in Fig. 15. ¢ = 1.0 corresponds to the open-loop
structure.

periences the same detrimental effects such as amplifier noise,
fiber nonlinearity, and dispersion. In other words, the channel
introduces the same level of distortion AF, regardless of cou-
pling ¢, once the transmission power is set. We choose DSF as
a transmission fiber and set P, = 2 dBm. The performance
of chaotic EDFRL system with closed-loop structure is demon-
strated for various ¢ values in Fig. 16. Obviously the BER is
smaller for larger coupling and the best performanceis achieved
by the open-loop structure (¢ = 1). For thecaseof ¢ < 1, are-
ceiver with an open loop cannot realize faithful communication
since atime-delay version of injected field is not enough to re-
cover the message and the synchronized chaosin the receiver is
needed. So it seems that a closed-loop structure has enhanced
security compared with an open-loop one. However, we believe
that the security is actually improved by the complex structure
of thetransmitter. For example, in Fig. 1, although the open-loop
scheme s used to recover the message, the second passive loop
in the transmitter provides more physical parameters that the
receiver must match. Thus a dual-ring transmitter has better se-
curity than asingle-ring transmitter, since the receiver must em-
ploy asimilar structure as its corresponding transmitter.

V1. MAXIMUM MESSAGE BIT RATE IN A CHAOS
COMMUNICATION SYSTEM

Now we address the question: what is the maximum bit rate
that EDFRL chaos system can support? To answer thisquestion,
we plot the power spectrum of atypical output of EDFRL with
parametersgivenin Tablel. Fig. 17 showsthebroad spectrum of
the chaos generated, which has been estimated to have a band-
width of about 50 GHz. This would appear to be the maximum
message bit rate allowed.

However, an acceptable message bit rate should not be too
closeto the bandwidth of the EDFRL chaos. Fig. 18 displaysthe
decoded message at three high bit rates, and Fig. 19 shows the
time series of the chaos output at the corresponding sampling
bandwidths. Fig. 18(a) shows that filter 1 is efficient for the
case of BR3. However, even without detrimental effect, some
distortions are still seenin Fig. 18(b) at BR, = 6.24 Gb/s and
more serious in Fig. 18(c) at BR; = 12.48 Gh/s. The reason is
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Fig. 18. Decoded message beforefilter 2. No detrimental effect is considered.
(a) BR; = 3.12 Gb/s, sampled by filter 1 at 1.3 BR3, (b) BRs = 6.24 Gb/s,
sampled by filter 1 at 1.3 BR,4, and (c) BRs = 12.48 Gb/s, sampled by filter 1
at 1.3 BRs.

that the sampling bandwidth (or the bit rate) ison the same scale
with the chaos carrier intensity fluctuation. This can be seen
from Fig. 19(a)—c), which shows the sampled chaos intensity
a three bandwidths. The filter itself will give some distortion.
In other words, the filter is no longer efficient to remove noise-
induced errors. The eye diagram is plotted in Fig. 20 for the
caseof BR; = 12.48 Gb/swith only amplifier noise considered.
FP,, isset to 0 dBm in a dispersion—-compensated fiber and the
transmission distance is 60 km. The EOP value is as large as
4.73 and the BER isas low as 107°.

We can therefore expect that higher message bit rate can be
transmitted in a chaotic carrier with larger bandwidth. Abar-
banel [8] showed that the chaosin EDFRL originates from Kerr
effect in the fiber. The Lyapunov exponent increases with ,,;,
whichis proportional to x3 that in turnisrelated to the Kerr co-
efficient. Soif we set asmaller value of /,,;, we should obtain a
slower chaotic oscillation and less bandwidth. Fig. 21 displays
the power spectrum at +,,; = 0.4 x 10~2. The bandwidth is es-
timated to be 25 GHz. Thus the maximum bit rate it can convey
should be lower than that in the case of ¢,; = 1.6 x 1072
Fig. 22 shows such ahit rate limitation when the messageis en-

3341

30

: LJ\«A\/U\M/ ! MW\A

| WMMMM bl
bbb

0o 75
Time(ns)

2

&

Intensity(arb.units)

[=1

100

Fig. 19. Time series of the transmitter output sampled at (a) 1.3 BRs, (b) 1.3
BR,, and (C) 13 BR;s.

101 )
08}

06§

Eye diagram

04

0.2+

0.0

0.15
Time(ns)

0.00 0.05 0.10

Fig. 20. Eye diagram when encoding message at bit rate BR;. The
transmission distance is 60 km. P,, = 0 dBmand ¢,,; = 1.6 x 1072,

-
o

Q
o)

@
o))

<
N

@
N

Power spectrum magnitude(arb.units)

0.0
-100 -50

Frequoency(Gi-?zo) 100

Fig. 21. Typica power spectrum of the transmitter without modulation at
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coded at BR; = 12.48 Gb/s. In Fig. 22(a), we can see that the
intensity drops closeto zero at many points. Large errorswill be
produced due to noise fluctuation at these points. Filter 1 is not
useful sinceit will cause large distortion as shown in Fig. 22(c).
Thisisbecause the message bit rate BR; istoo closeto the chaos
bandwidth. In this case, even afilter cannot be useful. Although
only amplifier noise is considered, the corresponding eye dia-
gram is nearly closed, as seen in Fig. 23.
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Therefore, to increase the maximum message bit rate, we
need to increase the chaos bandwidth. This in turn depends on
the parameters of the EDFRL. Since it has been determined
that chaos arises from the fiber nonlinearity, we can increase
the pump power, which has an effect of increasing the nonlin-
earity, and hence the chaos bandwidth. Furthermore, we aso
note that the chaos bandwidth increases with the Lyapunov ex-
ponent value, which in turn depends on various laser parame-
ters. For example, the pol arization-dependent attenuation differ-
ence AR and linear birefringence An will break transmission
symmetry and increase Lyapunov exponent value. Theintroduc-
tion of the second loop length 7, in the EDFRL and the corre-
sponding portion « of light entering this loop also profoundly
influence the Lyapunov exponent value. Thus one can choose
these parameters of the EDFRL appropriately toyield thelargest
Lyapunov exponent that in turn produces the maximum chaos
bandwidth.
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VIl. CONCLUSION

In this paper, we have numerically studied the system per-
formance degradation of gigabit/second digital secure commu-
nication due to the detrimental effects in the transmission fiber.
Theresidual fiber dispersion must remain assmall aspossibleto
realize high-bit-rate chaos communication. The optimum trans-
mission power exists that can balance the effect of fiber nonlin-
earity and amplifier noise. The system performances employing
different transmission fibers such as single-mode fiber, disper-
sion-compensated fiber, and dispersion-shifted fiber are thor-
oughly discussed. When embedded in the chaotic EDFRL laser,
the gigabit/second message can be transmitted over several hun-
dred kilometers without excessive deterioration of BER. The
maximum message bandwidth is determined by the bandwidth
of the chaos that is in turn determined by the physical parame-
tersin the EDFRL.
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