
fects on c, for low doping, I can also estimate 
E, for the doping levels 13.5% and 10Yo. 

Using the value from (13), I obtain X, = 

3 i 1 p n  for optimal doping, \vhich is 
embarrassingly close. The agreeinent be- 
tween the nleas~lreci and estinlateci values of 
X; (Fig. 3) both as to nulllerical value and 
trend is heartening. For 214, dr~ving a criti- 
cal Josephson cLlrrent is precisely sufficient 
to erase the energy of the supercond~~cting 
correlation. Undoubtedly, it is possible to 
invent a system of caref~lllv balanced cancel- 
lations that rvould nonetileless ascribe the 
aource of s ~ ~ ~ e r c o n d ~ ~ c t i v i t ~ .  to internal cor- 
relations in the planes, but such logical con- 
tortions seen1 i~norobable and may even be 
impossil~le. There is no plausible intraplanar 
tnechanistn that ~ ivo~~ld  correlate its T anti 

C _  

its energy precisely cvith the strength ot in- 
terplanar coupling over a range of 5 to 1 in X. 

The case of Hg 1201 is much less airtight 
but still strong. Without satisfactory specif- 
ic heat measurements, we are reduced to 
scaling the bind~ng energy according to TcL,  
ancl hence, XL according to T'. I preciict, 
then, for Hg 1201 

. .. 
(13)  

The observed value (7) is quoted as 1.34 
p m  i - 1096. The agreement is spectacular. 

The orediction for T1 1201, on the same 
basis, ~ i~ould  give 1- - 0.8 pm, because d is 
even greater than that for Hg, but bloler et 
ai. (5) finJ that X, > 15 111111 for the single 
crvstals for which thev have i~na~ec i  vortices. 
and this figure is in agreelllent cvith estimates 
h v  van der Xlarel (3)  (and cvith mv o\iVn , ,  , 

estimates using transport theory). This 
aereetnent is a severe anomalv. The above 
direct evidence for i n t e ~ ~ l a n a r  coupling in 
the other cases is supplemented by the neu- 
tron scattering evidence in YBCO, which 
shocvs that the gap structure is strongly cor- 
relateci beteveen planes in the close pair in 
just such a way as to optimize interplanar 
kinetic energy (JG). I cannot emphasize too 
stronglv the need to assure ourselves that T1 

u ,  

1201 is genuinely a one-layer case. Sonle 
evicience for str~lctural defects exists. 

T h e  interlayer hypothesis for the high- 
T' cuprates was based from the start on  an 
exnerinlental observation: that conJucti\,- 
tty along the c axis is non~netallic and 
incoherent. whereas that in the nb  ulane is 
metallic, if in many respects anomalous. 
This beha7-ior is nresumecl to be a result of 
a non-Fermi-liquid, charge-spin-separat- 
ed state; but the hypothesis can be directly 
tested in a manner completely indepen- 
Jen t  of that coniecture. There are two 
experimentally testable consequences of 
the idea, if one is able to measure the 
c-axis electrodynanlics in the supercon- 

ducting state, as has been done in a num- 
ber of cases. T h e  first is violation of the 
"Josephson identity", cvhich expresses the 
fact that in BCS superconJuctors, pair 
tunneling replaces the coherent normal- 
state conduction. This violation has been 
noted previo~lsly by Timusk (15). The sec- 
ond is the req~~irement that the supercurrent 
kernel c /4n2X '  almost precisely match the 
condensation energy ot the s~~perconductors. 
This agreement effectively rules out any in- 
tralayer theory of high Tc a~nd points to the 
~nterlayer concept, for those cases in which 
it occurs; but eve are left at a loss in the one 
clear case where it cloes not. 
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Communication with Chaotic Lasers 
Gregory D. VanWiggeren and Rajarshi Roy* 

Recent experiments with chaotic electronic circuits have shown the possibility of com- 
munication with chaos. The experimental demonstration of chaotic communication with 
an optical system is described. An erbium-doped fiber ring laser (EDFRL) was used to 
produce chaotic light with a wavelength of 1.53 micrometers. A small 10-megahertz 
message was embedded in the larger chaotic carrier and transmitted to a receiver system 
where the message was recovered from the chaos. Chaotic optical waveforms can thus 
be used to communicate masked information at high bandwidths. 

T h e  demonstration of transmission and re- 
ception of infortllation with synchronized 
electronic circuits (1 ) raiseci the question of 
optical communication cvith chaotic lasers. 
Communication with light waves rvith cha- 
otic fluct~lations of intensity has been con- 
sidereci in recent years by several investiga- 
tors (2) .  The  natural tllaskil~g of inf~>rma- 
tion by chaotic fl~~ctuations has served as a 
practical   no ti vat ion for the research. Great 
interest also exists in understanding the 
basic mechanisms by cvhich infor~llation 
can be encoded anJ  decoJed through the 
use of synchronized chaotic systems. 

Although chaotic communication exper- 
iments cvith electrot~ic circuits (1 ) have typ- 
ically demonstrated infortnation transmis- 
sion at bandwidths of tens of kilohertz or 
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anta, GA 30332 USA 
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less, the fast dynamics often displayed by 
opt~cal systems offers the possibility of com- 
~ l ~ ~ l t ~ i c a t i o n  at band~ividths of hundreds of 
megahertz or higher. In the past few years, 
we have exploreci the fast dyna~nics of er- 
bium-dope~i f~ber  ring lasers (EDFRLs) (3) 
with the goal of achieving optical commu- 
nication cvith chaotic lasers. These lasers are 
particularly rvell suited for conlmunicatiol~ 
p~~rposes because their lasing ~i~avelengths 
roughly correspond to the minimum-loss 
wavelength in optical fiber. Such fiber ring 
lasers are capable of ciisplaying both l o w  
( 5  3) and high-dimensional (> 3) dynatnics 
~lncier ciifierent conditions of operation. 'We 
report optical experitnents that demonstrate 
message transmission and reception at 10 
XlHz with a chaotic carrier at -1.53 u.m. 

The output beam from an external davity, 
tunable semicond~~ctor laser is a~nplit~lde 
modulated ~ i ~ t h  a 10-MHz square wave (the 
"message") by a lithiunl niobate Mach- 
Zehnder lnodulator (Fig. 1 ) .  The message is 
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Message modulation 
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d ~ o d e  laser 

Transmitter )/EqK f 

Polarization 
controller 9011 0 

mupler 

8 8 ,","",""L. - 
Photodiode B 
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Fig. l. Expermental system for optical commu- 
n~cation with chaotic lasers. A coupler njects 
the modulated semiconductor laser sgnal with 
the message nto the fiber rlng laser. The output 
of the transmitter 1s extracted through another 
coupler and directed to the receiver EDFA 2 and 
photodiode A by a 50/50 coupler. The receiver 
input and output are detected by the photo- 
diodes A and B. The photodiode s~gnals are 
recorded on the digital oscilloscope and pro- 
cessed to recover the message. 

amplified by an  erbium-doped fiber atnplifier 
(EDFA) in the message modulation unit he- 
fore injection into the ring laser transmitter. 
This operation allows us to  adjust the pro- 
portion of message to chaotic carrier in the 
transmitter EDFRL. T h e  message is then 
injected into the EDFRL through a 90110 
waveguide coupler. T h e  notation indicates 
that 10% of the message is injected into the 
ring and 9096 of the light within the ring is 
retained. T h e  semiconiluctor laser wave- 
length (1.5328 pm) is tuneil to resonance 
with one of the two peaks of the  EDFA gain 
spectrum. T h e  transmitter output is extract- 
ed with another 90110 coupler. In  our setup, 
an  optical fiber a few meters long connects 
the transmitter to the  receiver. In  a real 
system, a much longer fiber could be used. 

A 50150 coupler divides the output be- 
tween photodioile A and EDFA 2 in the 
receiver. EDFA 2 has been fabricated to 
match EDFA 1 as closely as possible-their 
pump diode laser anil active medium fiber 
length anil dopant concentrations are 
matched carefully. T h e  output from EDFA 2 
is incident o n  photodiode B. T h e  signals 
from the two photodiodes (125 MHz hand- 
width) are recordeil o n  the 1-GHz sampling 

Transmtted sgnal wthout message 
18 

A 

0 8' I 
0 100 PO0 300 

T~me (ns) 

Recever output 

100 200 300 
Tlme (ns) 

T~me.delay embeddng af transmned sgnal 

Synchronzaton plot 

Fig. 2. (A) Transm~tter output w ~ t h  
no Injected message (B) T~me de- 
lay embeddng of the ntensty t m e  
trace (A) n three d~mens~ons w~ th  a 
trne delay T = 4 ns shows no o w -  
d~mens~onal structure (C) Rece~ver 
output (delayed by 7 = 51 ns) cor- 
responding to the transmtter sgnal 
In (A) (D) Synchron~zat~on plot of 
the s~gnals In (A) and (C) The Input 
and output of the recever are well 
synchron~zed demonstrat~ng that 
the recelver EDFA 2 tracks the 
transm~tter laser when no message 
IS wesent. 

Transm~tted s~gnal w~ th  message Powerspectrum of transmlned s~gnal Fig. 3. (A) The transmitter output 
15 

A I B intensity t m e  trace shows chaotic 
fluctuat~ons The message s~gnal 1s 
Injected Into the rlng laser for this 
record~ng The message intensity s 
about 0 02% of the c~rculat~ng In- 
tens~ty of the transmtter laser (B) 
The power spectrum of the trne 

0 5 
, , 1 trace in (A) shows a small compo- 

100 200 300 o loo zoo 300 nent at the square-wave message 
Tlme (nsj Frequency (MHz) freauencv of 10 MHz Indicated bv 

Receiver output Power spectrum of receveroutput the arrow (C) The tlme trace of the 
recelver output corresponding to 
the transm~tter trace In (A) (D) The 
power spectrum of the recelver out- 
put s~gnal An arrow ndcates the 

0.5- 
100 200 300 0 100 200 300 

T~me (ns) Frequency (MHz) 

rate digital oscilloscope and processed as de- 
scribed below. 

A moilel for the operation of the trans- 
mitter EDFRL was developed in (3) anil 
consists of delay equations for the two or- 
thogonally polarized components of the  laser 
electric field in the fiber ring coupled to a 
differential equation for the population in- 
version. For the transmitter EDFRL with 
message injection, these equations have the 
form 

and 

where f and g are nonlinear functions of the 
complex field E,, which has two polarization 
components, and N is the population inver- 
sion; m(t)  represents the message field in- 
jecteil into the transmitter ring by the  semi- 
conductor laser, and T, is the time delay that 
corresponils to propagation of these waves 

around the fiber loop in the  ring laser. From 
Eq. 1,  the fielil ET(t) at the output coupler of 
the  EDFRL denends o n  the field and ines- 
sage at the coupler one round trip earlier. 

In  the  receiver, a n  open-loop technique 
similar to one introduced originally by 
Volkovskii anil Rulkov 14) for electronic , , 

circuits is used to  recover the  message from 
the  chaotic carrier. T h e  transmitter sienal, " 

s( t )  = ET(t) + m(t) ,  propagates from the  
EDFRL to photodiode A, where the  signal 
is recorded, and to the  input of the  receiver. 
W e  assume for ease of explanation that the  
receiver system is a n  open-loop replica of 
the  EDFRL; the  time taken to propagate 
from the  input of EDFA 2 to  photoiliode B 
is equal to  T,. T h e  receiver EDFA operates 
o n  s( t )  to produce a new field, ER(t) ,  a t  
photodiode B. Because the EDFAs in the  
transmitter and receiver are assumed to  
have identical functions f alnd g and nega- 
tive conditional Lyapunov exponents, it 
can he shorvn that ER(t)  = ET(t).  T h e  
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intensities at the photodiodes A and B are 
thus &(t) + m(t)12 and IER(t)I2. The dif- 
ference of these signals is ZRe(%*rn) + 
Im(t)12. A low-pass digital filter can extract 
the message portion Im(t)12 because the 
message is transmitted at a frequency lower 
than the typical frequency (hundreds of 
megahertz) of the chaotic carrier fluctua- 
tions. We now describe the results of our 
experiments. 

A chaotic intensity time trace from the 
transmitter EDFRL without any message in- 
jection is shown in Fig. 2A. A time-delay 
embedding (with delay T = 4 ns) of the 
intensity time series in Fig. 2A shows no 
obvious lowdimensional structure (Fig. 
2B). Figure 2C shows the synchronized re- 
sponse from the receiver EDFA. Because 
the length of the passive fiber in the receiv- 
er EDFA is shorter than in the EDFRL, the 
signal is time shifted by the appropriate 

Difference of phdodiode signals 
0.10 I I I 

' A I 

-0.02 - 
0 200 400 600 Boo 

TransmMed and recowred messages 
0.04 I I I 

Low-pass finer of transmitted signal 
1.08 I I I 

C 1 

E 

' . O 3 L  1.02 0 200 400 600 800 

Tlrne (ns) 

B 

Fig. 4. (A) The difference of the receiver input record- 
ed from ~hotodetector A and receiver oubut record- 
ed from 'photodetector B, after the transhitter signal 
has been shfted by the appropriate time delay T = 
51 ns. (B) The solid line is the recovered square-wave 
mesage after low-pass filtering of the diierence sig- 
nal in (A). The dashed line shows the message as 
detected by photodiode A if the transmitter EDFRL is 
turned off. The fluctuations are mainly due to noise 
from the photodiode amplifier and analog-to-digital 
converter in the oscilloscope. (C) Low-pass filtered 
version of the transmitted sianal showina no trace of 

delay T = 51 ns to match the trace in Fig. 
2A. The time delay T depends on the lengths 
of fiber in the two branches of the receiver 
and on the round trip time T, of the EDFRL. 
Figure 2D, the synchronization plot of the 
two signals, reveals excellent reproduction of 
the transmitter output by the receiver. Nu- 
merical computations and analysis of high- 
dimensional synchronization in a model of 
coupled optical ring cavities has recently 
been carried out by Abarbanel and Kennel 
(5 ) .  

A chaotic intensity time trace of the 
transmitter output with square-wave modu- 
lation of the injected beam is shown in Fig. 
3A; Fig. 3B shows its power spectrum. The 
spectrum is broadband; its high-frequency 
components are limited by the bandwidth 
of the photodetector. The 20 mW of circu- 
lating power in the EDFRL is much larger 
than the 5 p,W of message signal injected 
from the message modulation unit. The 
sauare-wave fundamental freauencv com- . , 

ponent is barely visible in the power spec- 
trum of this time trace, as seen in Fig. 3B. 
The receiver output recorded in response to 
the transmitted intensity (Fig. 3A) is shown 
in Fig. 3C. This trace is similar, but not 
identical, to the transmitted signal. Its pow- 
er spectrum (Fig. 3D) shows that the fun- 
damental frequency component of the 
sauare-wave modulation and its odd har- 
monics have been amplified considerably 
(>I5 dB) by the nonlinear response of the 
receiver EDFA; we comment below on this 
interesting effect. 

The signals at the input and output of 
the receiver (recorded as time traces from 
photodiodes A and B) are subtracted after 
signal B is shifted (delayed) by T = 51 ns, 
and the difference is shown in Fie. 4A. If 

-2 - 

the shift used before subtraction is incor- 
rect, the recovered message is degraded. 
This difference signal is then low-pass fil- 
tered with a Butterworth filter ( 1 / f i  roll- 
off at 35 MHz), and as shown in Fig. 4B 
by the solid line, the masked message is 
recovered from the chaotic carrier fluctu- 
ations. It is easily recognized to be the 
square-wave modulation imposed on the in- 
jection laser. The dashed line is the message 
as measured directly by photodiode A when 
the semiconductor laser output is passed 
through the couplers without turning the 
transmitter EDFRL on. A comparison of the 
solid and dashed traces ~rovides a direct 
measure of the receiver's ability to recover 
the message. The slightly greater amplitude 
of the recovered message can be explained 
by the enhancement due to the nonlinear 
response of the receiver EDFA discussed be- 
low. For comparison, the same low-pass filter 
as above has been applied to the transmitted 
signal in Fig. 3A, and the result is shown in 

to the round-trip time of the laser; the 
square-wave message is not visible in this 
trace. 

The EDFAs in both the transmitter and 
receiver are operated at high pump powers 
for which saturation nonlinearities are 
important. The receiver has the same non- 
linearities as the transmitter. allowine it 
to unfold the message from the chaos. 
Comparison of Fig. 3B with Fig. 3D shows 
that these inherent nonlinearities also 
allow the receiver EDFA to amplify pref- 
erentially the frequency components of 
the message signal. This preferential am- 
plification permits the recovery of messag- 
es with smaller amplitudes than would be 
~ossible otherwise. Indeed. the recovered 
message has a slightly larger amplitude 
than the directly detected message (Fig. 
4B). These observations of preferential 
am~lification are reminiscent of the 
phenomena of stochastic or chaotic reso- 
nance (6), which have been studied dur- 
ing the past decade in nonlinear systems 
driven simultaneously by periodic signals 
and noise. There are no intrinsic restric- 
tions on optical communication at much 
higher rates than demonstrated here, par- 
ticularly if a direct subtraction of the elec- 
tric fields at the input and output of the 
receiver is performed by an optical hetero- 
dyne technique. 
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