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Information gain in an optical bistable system by stochastic resonance
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We have shown an experimental demonstration of information gain due to the stochastic resonance in an
optical bistable system, that is, information hidden in the input wave form appears in the output of a nonlinear
system when the input noise amplitude is adequate. The optical bistable system is a hybrid type comprising a
LiNbOg crystal with an electric feedback loop, and the input of the system is the sum of a binary bit series and
a Gaussian colored noise. The information gain is proved to be prominent when the noise cutoff frequency is
larger than the bit rate.
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I. INTRODUCTION laser. The laser output is vertically polarized and its wave-
length is 780 nm. The intensity of light is modulated by an
The transmission of a coherent signal is enhanced by addlectro-optic modulatofEOM). The driving voltage of the
ing random noise in a nonlinear system. This cooperativeeOM is the sum of binary bit seriex(t), a colored noise
phenomenon is called stochastic resonai8®) and has at- ¢(t), and bias voltage.
tracted much interest in various fielfs]. Particularly, inten- Signal s(t) and noiseé(t) are generated in a computer,
sive studies have been made on the information gain due tand are transferred to arbitrary wave form generators, ANG1
SR[2-5]. If SR brings about information gain, information and AWG2, respectively. F&(t), a pseudorandom bit series
hidden in the input wave form appears in the output of awith a period of 2°—1 bits is used, and its bit rat is 1
nonlinear system. In systems such as superconditing quakbit/s. Data of 3 kbits are used in a single measurement.
tum interference devicd2], neuronal system$3], level  Noise&(t) is the Ornstein-UhlenbectOU) noise[15],
crossing detectdd], and CdS crystdl5], the output signal-
to-noise ratio(SNR) exceeds the input one for periodic sig-
nals. However, since periodic signals contain no finite infor- dé(t) 1 JDh
mation, the gain of SNR cannot mean the information gain. TR it O (1)
SR with aperiodic signals, which have finite information,
has been studied and definitions of measures of the transin-

formation in place of the gonventional S_NR were prop_osethereT is the correlation time of noisd) is the noise in-
[6_.14]' Bar_bayet al. StUd.'e.d the dyngmmal_beha_vlor in a tensity, and¢,(t) is the white noise. The noise cutoff fre-
vertical cavity surface emitting laser with a binary input S'g'quency isf.= 1/(27r7). The OU noise in the present experi-

ir;]al [t6£.iThe r:ngtua;l |r:1fc|)rmatt|or:]1 wasinusi(]j 35 Ia wﬁﬁﬁzj\’r&] hol ent has a Gaussian amplitude distribution with zero mean.
StdIES On neuronal systems using moaels €SN0I¢ e noise data consist of 8 bit/word words.

nonlinearity with a binary input signal. However, informa-
tion gain has not been discussed in the above st{iflie$4].

In a recent paper, Misonet al. showed that information Optical bistable system
shows gain in a bistable system for a binary input signal by
numerical simulatiof9].

In the present study, we show an experimental demonstra
tion of information gain in an optical bistable system for a
binary input signal. Transmission of information is proved to
show the resonance peculiar to SR with the addition of noise m

Ti:Sapphire [l Electrooptic
Laser Modulator

and information hidden in the input wave form appears in the A )

output of the system when the noise amplitude is adequatdAWG 2] — Bias

The influence of the bandwidth of noise in this system is also

studied, and we show that a broadband noise is favorable fo Digital
SR and information gain. In addition to the interest in fun- PD 1 Oscilloscoie
damental characteristics, this subject is practically significant @1@

because instruments, such as a noise generator or an amp

fier, have limited bandwidths.

Computer

II. EXPERIMENT o ]
FIG. 1. Schematic diagram of the experimental setup. PD1 and

The experimental setup is illustrated in Fig. 1. The lightPD2, photodiodes, AWG1 and AWG?2, arbitrary wave form genera-
source is a cw Ti:sapphire laser pumped by an argon-iotors, PBS, polarization beam splitter.
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FIG. 2. Noise amplitude dependence of the output mutual infor-  FIG. 3. Noise amplitude dependence of the output mutual infor-
mation |, (circles)and input ond;, (triangles), where the hori- mationl, (circles)and the input;, (triangles), where the horizon-
zontal axis is the normalized noise amplitudeThe signal ampli- tal axis is the normalized noise amplitude The signal amplitude
tudeA is 0.8, andf . /R, the ratio of the noise cutoff frequency and Ais 0.8, andf./R, the ratio of the noise cutoff frequency and the bit

the bit rate, is 10. rate, is 0.1.
The output of the EOM is fed as the input to an optical H(Y|X) = Pul — PyxlOGoPyy— Prsl 0GP
bistable system. A part of the EOM output is used to monitor | § yxTRRR B TRz
the input intensityz;,(t) to the bistable system with a pho- + Px(— Pyx1092Pyx— Pyx1092Pyx) 4)
todiode(PD1).

The optical bistable system is a hybrid one comprising arwhereH(y) is the entropy off andH (y|x) is the conditional
amplitude modulator with an electric feedback 1dd$,17].  entropy ofy for a given value ok. Whenp,=p;=p,=py
The amplitude modulator is composed of an electro-optic=1/2, for example] (x,y) takes the following values. If bit
crystal (LINbQ;, 1X4x 30 mn?), a\/4 plate, and a polar- seriesy is identical to the original bit series that is, all of
izer. The output intensity of the amplitude modulator is con-the information is transmitted, then conditional probabilities
verted to an electric signal by a photodio@®D2). The sig-  py, andpy, become unity, whilgy, andp,; are 0, and thus
nal is amplified and is then fed back to the LiNp@rystal  1(x,y) is unity. On the other hand, ¥ has no correlation
with the bias voltage. The bandwidth of the amplifier is 40with x, that is, no information is transmitted, then all of the
kHz, and this limits the response of the optical bistable syseonditional probabilities are 1/2, and thli,y) is O.
tem. The output of the bistable systenzjg,(t).

Waye_ forms,_zm(t) andz,,(t) are introduced as the input Ill. RESULTS AND DISCUSSION
to a digital oscilloscope (f0samples/s) and are transferred
to a computer. Each bit in these wave forms is decided to be In the optical bistable system a hysteresis loop appears,
high or low by the computer. Thus the input bit sersggt)  which is obtained by increasing and by decreasing the input
and the output bit series,,(t) are obtained fronz;,(t) and intensity continuously. The input signal amplitude, the differ-
Zoui(t), respectively. The decision timings in each bit for the ence of light intensity between high and low bits, is normal-
input and for the output wave forms are at the center and aged by rangeh of the input intensity which has two stable
the end of each bit, respectively. Bit serigg(t) ands,,(t)  outputs. Normalized noise amplitudeis obtained by divid-
are compared with the original bit seris@), thus the input ing twice the standard deviation of noise lyln our experi-
mutual information ;,=1(s(t),s;,(t)) and the output mutual ment, the normalized signal amplitudeis 0.8, and the bias
information| ,,;=1(s(t),S.,(t)) are obtained. voltage of the EOM is set at a value at which the input

The mutual information is defined as follows. Here a bitintensity of the optical bistable system is at the center of the
in the original bit seriex is high with a probabilityp,, and  bistable range when there is no signal or noise.
is low with a probabilitypy=1—p,. Similarly a bit in the ~ Figure 2 shows the noise amplitude dependence of the
input or in the output bit serigsis high with a probabilityp, mput' and output mutual llnformat'|on, where the horlzontal
and is low with a probabilitypy=1—p, . Conditional prob-  axis is the normqllzed noise amplitude and t_he noise cut-
ability p, is thaty is high under the condition thatis high, ~ off frequencyf is 10 kHz (f./R=10). While the input
and the other conditional probabilities are defined in a simimutual informationl;, decreases monotonically as in-
lar way. Mutual informatiori (x,y) between the bit series ~ creases, the output mutual informatibgy,, shows the reso-

andy is defined a$7] nancelike enhancement. Whern>1.3, |, exceedsl;,.
This means that information hidden in the input wave form
[(x,y)=H(y)—H(y|x), (2) appears in the output of the optical bistable system even if
the bit series is buried in noise whose amplitude is suffi-
H(y)=—pylog,p,— pylogpy, 3) ciently large.
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FIG. 4. Dependence of the resonance curve on the noise cutoff FIG. 5. Dependence of the GMl,,—I;,, on the noise cutoff
frequencyf, for f./R=0.1, 0.4, 1, 2, 4, and 10, wheRis the bit frequencyf . for f./R=0.1, 0.4, 1, 2, 4, and 10, wheRis the bit
rate. The signal amplituda is 0.8. rate. The signal amplitud@ is 0.8. The positive value of GMI

means that more information is obtained from the output of the

Figure 3 shows the noise amplitude dependence of thistable system than from the input.

mutual information whenf is 100 Hz (./R=0.1). The ing way. Intentionally we added more noise to the input
output mutual informatiot,,, takes small values and hardly \yaye form to reachr=2.2, and then transmitted the wave
shows resonance. The noise with a small valuefofR  torm through the optical bistable system. Thus the enhance-
causes the interwell motion less frequently even when thenent of the mutual information is achieved by adding noise
noise amplitude is optimized because noise makes smal spjte of its paradoxical appearance. WHerR is small,
change in the duration of a single bit. In the range shown insnhancement of transinformation cannot be achieved by the

Fig. 3,1, does not exceef, . procedures described above.
Figure 4 shows the dependence of the resonance curve of
I out ON Noise cutoff frequency,. The values off . are 100 IV. CONCLUSION

Hz, 400 Hz, 1 kHz, 2 kHz, 4 kHz, and 10 kHZ (/R ] ) ) ) ] .
—0.1, 0.4, 1, 2, 4, and 10) in increasing order. The curves e have studied SR with a binary input signal in an op-

for larger values of . show more remarkable resonance. ~ tical bistable system employing mutual information as a
The gain of the mutual informatiofGMI), 1oy —1;,, is  Measure of thg transmformatmn. Whe@p/R is large, the
shown in Fig. 5 for the same values bf shown in Fig. 4. output mutual information of the 9pt|cal plstab_le system
When GMI is positive, more information is obtained from shows remarkable resonance, and information hidden in the

tinput wave form appears in the output of the optical bistable
system, that is, information has gain. Whe/R is small,
the output mutual information hardly shows resonance, and
jthe benefits of the information gain are not significant.
The information gain in the optical bistable system is sig-
nificant for fundamental interest, and, moreover, it is benefi-
cial to applications, such as optical communication and im-

ratio f./R is more than unity, and has small or no gain in the39€ processing9]. The results of the present study can be

opposite case. Whefi/R=10, the maximum value of GMI applied to higher-speed signals because the shapes of reso-
PPOs! eh ximum ver ion jdrance curves and GMI curves depend not on the valifg of

I1ﬁself, but also on the ratio df,/R. Processing higher-speed
signals is practicable by broadening the bandwidth of the
feedback loop in the optical bistable system.

the output of the optical bistable system than from the inpu
GMI takes large positive values for large valued of In the
present experiment, no gain is obtained wtigns 100 Hz
(f;/R=0.1). The experimental results have the same cha
acteristics as those of the simulation res[#k(note that the
noise intensityD = 0%/ (2 f.) is used in Ref[9]).

In Fig. 5, mutual information has remarkable gain when

achieved by the optical bistable system. This enhanceme
can also be seen in Fig. 2. When=2.2, whilel,, takes a
small value, 0.5|,, is nearly unity. This kind of increase in
the mutual information by transmitting through the optical
bistable system is realized wher>1.3.

In Fig. 2, wheno=1.2, for example, transmitting the This work was supported by a JSPS Research Grant for
wave form through the bistable system in itself results in the=uture Program: Photoscience, and by a Grant-in-Aid from
degradation of the mutual information. Nevertheless, the enthe Ministry of Education, Culture, Sports, Science and
hancement of the transinformation is realized in the follow-Technology of Japan.
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