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Abstract—An all-optical neural network is presented that is nonlinear threshold function needed for neural operation, how-
based on coupled lasers. Each laser in the network lases at agver, is typically realized in the electronic domain [4]-[6].

distinct wavelength, representing one neuron. The network status - .

is determined by the wavelength of the network’s light output. There have beer_1 some attempts at obtalnlng fully optical
Inputs to the network are in the optical power domain. The neural networks using resonators and laser oscillators [7], [8].
nonlinear threshold function required for neural-network opera-  These networks employed resonators based on photo-refractive

tion is achieved optically by interaction between the lasers. The materials and exploited gain competition between the trans-
behavior of the coupled lasers is explained by a simple laser model \,arse modes of the resonators.
developed in the paper. In particular, the winner take all (WTA)

neural-network behavior of a system of many lasers is described. !N [91-[11], & winner take all (WTA) neural network was
An experimental system is implemented using single mode fiber demonstrated which was based on gain competition between
optic components at wavelengths near 1550 nm. A number of longitudinal modes of laser diode. Each longitudinal mode had
functions are implemented to demonstrate the practicality of the 3 different wavelength and the laser cavity mirror reflectivity for
new network. The neural network is particularly robust against ¢4 mode was controlled. Here, the threshold function was in
input wavelength variations. . . )
_ _ o _ the optical domain. However, the inputs to the neural network
Index Terms—Optical computing, optical fibers, optical neural  \ere implemented in the optical transmission domain by in-
networks, semiconductor lasers. serting a liquid crystal display (LCD) in the laser feedback path.
The LCD was controlled electronically. An attempt to extend
. INTRODUCTION this laser neural-network (LNN) concept to a system with inputs
. in the optical power domain was described in [12]. However,
N AREA that has been significantly advanced by tthe system relied on injection locking in laser diodes, which is

Si ni#:aen?frggggir:ezpfgzl?gybs’ir:ha;o?:futseézcg:]nrg#g(';? t'Or:j_'ighly sensitive to frequency shifts between lasers. Hence, the
gni . : ng L ecty p concept was not robust enough experimentally to demonstrate
cessing the transmitted optical information in optics, rath%rny significant functions

than requiring optical to electrical conversion and electromcI th ; f led | tudied. It i
processing. All-optical processing may provide many benefit N thiS paper, Ssystems o coupied 1asers are studied. Tt 1S
own that these systems can form an optical neural network

such as flexibility in data rates and high speed. In particulat, . . .
neural-network techniques have already been applied to ich has an optical thresholding functions, and the network
nputs are in the optical power domain. Each neuron in the

tasks of routing in telecommunication networks [1], [2]. I work i ted by a distinct lenath. Th work
the future, these routing tasks could be performed completé‘l Work 1S represented by a distinct wavelengin. 1he networ
atus being determined by the wavelength of light output

in the optical domain [3]. Another application of interest igtal : _

optical processing of data packets in packet switched optiéé\rlnIIar to the LNN n [l Howg\_/er, the system Qescnbed hgre
data networks. IS not basgd on gain competition between lasing modes in a

An optical neural network that is for use in optical telecoms-hared ggm medium. ) . ,

munication systems must be compatible with the wavelengthd” Particular, coupled ring lasers are considered. The ring
used in telecommunications. Furthermore, it must be very rgSers are implemented in single mode fiber-optic components
bust and reliable to meet the strict bit error rate requirementd, Wavelengths near 1550 nm, which is compatible with
and operate at high speed. telecommunication systems. Furthermore, the system could

In the past, the implementation of neural-network conceptshgtentially be integrated in an photonic integrated circuit,

optics has been investigated by a number of researchers. MEQUCING the laser cavity round trip time and thereby satisfying

research has focused on exploiting the benefits of optical inté¥dh-speed requirements. _
connection between neurons via free space optics. The actualhe rest of this paper is organized as follows.
In Section I, a simplified model for a ring laser with external
. . . . _ light injection is initially given. How two such lasers when cou-
Manuscript received April 11, 2001; revised January 4, 2002. This work wa . . . .
supported by the Netherlands Organization for Scientific Research (NWB?GFi can prOduce an optlcal th_reShOIdmg fuqctlon 'S. then ex-
under the NRC Photonics Grant. plained. The number of lasers in the system is then increased,
The authors are with COBRA Research Institute, Department of Electricghd it is shown that the system can function as a WTA neural
Engineering, Eindhoven University of Technology, 5600 MB Eindhoven, The .
Netherlands. retwork. The structure of the neural network and how weights

Digital Object Identifier 10.1109/TNN.2002.804222 can be implemented is also described.
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In Section lll, a neural network, as described in Section I,
of four neurons and implemented with fiber-optic components
is presented. A learning algorithm is used to calculate the
weights necessary to implement a number of multibit functions,
including the exclusiveor (xoRr) function, and the WTA
function. Experimental results from the neural network using ISO Filter
the calculated weights are given.

In Sections IV and V the potential of the neural network pre=ig. 1. Simple ring laser implemented in fiber optics, using SOA, isolator

o A ; ; (1SO), wavelength filter, and a coupler. External powét / T. with wavelength
sented here is discussed and conclusions given. outside the filter pass band is injected into the laser. The transmittance through

the coupler isr..

Il. PRINCIPLES OFOPERATION

A. Model for a Semiconductor Ring Laser With Light InjectioWhich satisfies the ring optical length wavelength requirement.
Hence, this condition on wavelength is not considered further in

Asimple ring laser implemented with single mode fiber-optig,is haner. Furthermore, it is assumed that lasing only occurs at

co_r_nponents is shown in Fig. 1. The se_:miconpiuctor optical_ a'b“ﬁly one wavelength in the band-pass filter, which satisfies the
plifier (SOA) [13] acts as the laser gain medium and prOV'd‘%ﬁ)tical length condition mentioned above.

optical amplification of light traveling through it. The optical A neural network integrated on an optical integratedcir-

isolator allows light to travel in only one direction around th& ;i oy e of the same order as the filter length. In this case, the

r_ing, thus ensuring lasing in only one direction. The Wz_ivelengghoice of appropriate filter bandwidth in the optical integrated
filter ensures lasing at only one wavelength. The lasing WavEt it design may be important [18].

length is specified by the Peak in the filter trgnsmission SPEC-Now, consider when external light via the coupler is also in-
trum. The coupler allows light to be coupled in and out of thﬁected into the SOA
ring laser.

First, we consider the operation of the solitary laser, that is, P® = pin 4 Tpovt, (5)
with the injected input poweP™™ = 0. For lasing to occur, the i
SOA must supply sufficient amplification or gad@, such that Note thatP*" is the externally injected light power arriving at
any losses incurred transmitting light from the SOA output ba¢ke SOA input after passing the coupler (see Fig. 1). Further-
to the input are compensated for. The proportion of light trangore, the wavelength aP™ is not at the lasing wavelength
mitted from the SOA output around the loop to the SOA inp@f the laser and it only passes through the SOA once, as it is
is denoted by the transmittance around the Igof" includes Plocked from making a trip around the ring by the filter. How-
the transmittance of the isolatt,,, the filter T, the coupler €ver, the wavelength aP* should be sufficiently close to that

T., and losses due to component interconnectiBys of the laser, so that there is not a significant difference in SOA
gain between the two wavelengths [16].
T =Tiso Tt T Teon- Q) In the Appendix, it is shown that given fixed operating con-

ditions for the SOA, such as fixed injection currdptSOA pa-

The relation between power into the SGR and power out of rameters, and a fixed gaif ., thenP* is also fixed at a unique
the SOA at the lasing wavelengttP"* is value. This value is denoted héfét°t, whereP'°" is the value
ps _ ppout @) of P°u* when Pi" = 0, and it has been assumed tfias suf-
’ ficiently high so thatG can reachGy,. IncreasingP® above

As mentioned above; must compensate for any losses in th& P'°* will causeG to decrease, and lasing will no longer occur
R . . out H H H _
loop for laser oscillation to occur [14], [15]. Once lasing occur@S G < Gt Thus P (which is power at the lasing wave

G is then fixed at this specific threshold gaif, length) will fall to zero. , _ . _
Having P® pegged at a unique value while maintaining suffi-
Gin = 1/T. (3) cientgain for lasing, implies through (5) that"* as a function

of Pi" is initially a straight line. The equation of the line can be
For laser oscillation, the lasing wavelength must also satisfy thgind from (5) to be
requirement that an integer number of wavelengths equals the ,
optical length around the ring [14], [15]. The spacifg be- pott = ptot — pT. (6)

tween adjacent wavelengths which satisfy this condition can R?ter Pout reaches zero. which occurs whétt — PfotT it

found to be remains at zero wheR" is increased further. This nonlinear
AX = N?/n,L, (4) optical behavior of the laser is shown in Fig. 2.

Qualitatively, the behavior shown in Fig. 2 can be explained
whereL, is the ring lengthy, the refractive index in the ring, as follows: The external photons are amplified in the SOA ex-
and) the wavelength at which lasing occurs. In our experimeniactly as the photons at the lasing wavelength fed back from the
L. is of the order of 10 m, resulting in a very small\. The SOA output. The external photons share the supply of carriers
interference filters we use have a bandwidth much larger thH8] used for amplification with the lasing wavelength photons.
A\, because they are much smaller tHan and the minimum The carriers are created by the constant SOA injection cufrent
bandwidth they can achieve is related to their length. Thus, itWghen the number of external photons is sma@ltemains a7,
assumed that there is always a wavelength in the filter pass-bamdl lasing occurs. However, each external photon takes the place
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slope=1/T
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Fig. 2. Output power at the lasing wavelengt®"* for a ring laser as a
function of external light power not at the lasing wavelength injected into the
ring laserPi». T is the transmittance from the SOA output around the loop
back to the SOA input.

Synaptic
Input Connections Neuron Output

of a photon at the lasing wavelength, and’¥9"* decreases lin- Fig. 3. Schematic drawing giving the architecture of the optical neural

early as a function oP'™. When the number of external photongetwork considered in this paper. Neurons are indicated by circles in the figure.

: . - . The neurons are interconnected in an inhibitory fashion. These inhibitory

IS l?‘rgeG can no |Ol’cl)gter remain &, and.IS reduced, Causmginterconnections are shown by the dotted curved lines. T heetwork inputs

lasing to cease anb*"* to fall to zero. Lasing does not occur atx, are connected to tha’ neurons via the weighted synaptic connections

the wavelength oP™, because the filter blocks this wavelengthtV:, .. The network output consists of the optical powePs"® at the
The laser model just described is quite simple and does HYe!ength associated with each neuron.

include the effects of spontaneous emission in the gain medium

[14]. Furthermore, only the steady-state characteristics of th___ jin __

K .. . ToP; —» Output to OSA
laser are modeled. Hovyever, the model is sufficient to describ ’ o 000
the steady-state behavior of the neural network presented hery, pi* —» _; ——-—m_\- PC

B. Behavior of Two Coupled Ring Lasers m
ToPy —™ ]
The architecture of the neural network that is considerec
in this paper is shown in Fig. 3 (see [17] for a discussion
of neural-network architectures). The neurons (indicated by
circles) are interconnected by inhibitory connections, showr
by the dotted curved lines. Inputs are connected to each ¢
the neurons by unidirectional weighted synaptic connections

The weighted synaptic connections will be discussed in Sec-
tion 1I-C. Fig. 4. Realization of the neurons shown in Fig. 3 using SOAs and fiber

. . Of(El;‘ptics. N coupled ring lasers form the neurons. The PHASAR acts as a
Fig. 4 shows the realization of the neurons and the assoglstichannel optical fiter and multiplexer. PC—polarization controller,

ated inhibitory interconnections mentioned above. The sAt of OSA—optical spectrum analyzer, which is used to view the neural-network
neurons consists a¥ coupled ring lasers. The PHASAR [18]°utput.
(also called arrayed waveguide gratings) is an integrated optics
device which providesV optical filters and additionally multi-  {he transmittance from the output of tith SOA to the input
plexes theV outputs of the filters into a single output. Eachfilter  of the jth SOAT;;, j = 3 —i.
in the PHASAR passes a different wavelength; thus, each ringyote that in subsequent sections, the various optical powers
laser lases at a different wavelength, dendtgcorresponding il appear with a subscript indicating the laser or SOA with
to inputi of the PHASAR. which they are associated.

The polarization controllers (PCs) in each ring laser are usedcgnsider for the moment that the external inpEs are
to control the polarization of the light flowing back to the inpuket to zero. The SOA injection currents are set unequal to pro-
of the associated SOA. The gain through the SOAs is somewhgfe asymmetry in the’fot such thatPtT1; > PitT; and
dependent on the polarization of the input light. For each SOpyotp, . ptotT,, The model of Fig. 2 predicts that laser 1
in each ring laser, the polarization controllers are adjusted | |ase under these conditions.
that light fed back to the SOA has the polarization necessary foreyrthermore, withPiot 7, > PiotTh,, laser 2 will be ex-

maximum gain. _ _ ~tinguished by the light from laser 1, because laser 1 light is also
In this section, the behavior of two coupled ring lasers is efyput into SOA 2. Laser 2 will output no light and have no effect

amined. The two coupled lasers are shown in Fig. 4 (Witset on |aser 1, and the system will output only light at wavelength

to two). The system of two lasers can be characterized by the

following parameters: As the external inpuPi™ is increasedP?" is decreased until

« the power at the lasing wavelength out of e SOA, with the light from laser 1 is insufficient to suppress laser 2. With
no external input power and no coupling between the twBi" being increased further, there may be some transition re-
lasersPit i = 1, 2; gion with both lasers lasing. Finally whep™ is high enough,

« the transmittance from the output of tith SOA back to the the light from laser 2 is sufficient to suppress lasing in laser 1,
input of theith SOAT;;; and only laser 2 lases. Pi™ is now reduced back to zero, the

PC

PHASAR

1toN 1SO
splitter 1
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system returns to the initial state of laser 1 lasing, and laser 2
suppressed.

In this section, the precise behavior of the systenPHsis
increased is examined. It is assumed that the SOA injection cur-
rents are set unequal to provide asymmetry in &i&' men-
tioned above, causing laser 1 to be the dominant laser whenever
P = 0. In particular, the nature of the transition from laser
1 to laser 2 lasing depends on the relationship betWeeand
TL'J'.

Three cases are considered.

1) T;; = T;;. Transmittance from SOAoutput back to its own
input is the same as that to SQA

2) T;; > T;;. Transmittance from SOAoutput back to its own
input is greater than that to SOA

3) T;; < T;;. Transmittance from SOAoutput back to its own
input is less than that to SOA

Case A—;; = T;;: Initially, for small Pir Peut is suffi-
ciently large such thaPP®t 71, > Pi°VTs,, and hence, lasing
in laser 2 is suppressed due to the light fed from the output of
laser 1 into SOA 2. A’/* increased’?"t decreases with slope
1/T11, and eventuallyPP 1, < Pi°VTys. Thus, laser 1is sup-
pressed by laser 2 lasing, af{"* drops immediately to zero,
asTi, = Ty; andTy, = T»;. The transition between laser 1
and laser 2 lasing is infinitely small becausg = 1;;. This
behavior is summarized in Fig. 5(a).

Case B4;; > 1;;: Again, for small Pi*, Peut is suffi-
ciently large such thaPP®t 77, > Pi°VT,, and, hence, lasing
in laser 2 is suppressed. A3" is increasedPy 1, becomes
less thanPi°*Ts,, and laser 2 can lase. However, initially the
light from laser 2 is not sufficient to suppress laser 1 and both
lase at the same time. The actual valueBgf* and Py in this
transition region can be found easily by solving the following
coupled linear equations:

PP = (P{°t — P{*/T11) — (T /T11) P5™ (1)
Pt =Py — (T12/Ta2) PP™. 8)

Fig. 5. Behavior of two coupled ring lasers for various levels of coupling
between the two lasers. The vertical axis gives the power out of the lasers, and
the horizontal axis gives the external light power injected into laséj*1 The

The solution to these equations are
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laser powers are set asymmetrically such that laser 1 dominatesi¥jhes 0.

(Pi°t = P /Th1) — (To1/Th1) P5°
1 — (Tia/T11)(To1/T22)
P3ot — (Tha/Ta)(P{° — P /Tyy1)

out __
PP =

out __
Py =

(10)

Laser 2 eventually dominates whé&h" is increased sufficiently. The nature of
(9) the transition between laser 1 and laser 2 lasing depends on the coupling between
the lasers.

L — (Th2/T11)(T21/T22)

When Pi® is further increased such th&°t1y, > (Pt —

the transition from laser 1 to laser 2 lasing. Again, the behavior
for this case is summarized in Fig. 5(c).
In general, neural networks contain a nonlinear function

Pi»/11,)T14, then laser 1 is completely suppressed, and lasgalled a threshold or sigmoid function. These functions are
2 lases with output poweP{°t. The behavior for this case isgenerally monotonically increasing functions but can also

summarized in Fig. 5(b).

Case C4;; < 1j;: Initially, laser 1 lases. AP is in-
creased PP decreases linearly, untitP™t 7, < PiotTh,. At
this point, laser 2 starts to lase. In fagty™* rapidly builds
up to Pi°t and suppresses lasing in laser 1 becdlise <

include step like functions or step functions with hysteresis
in the transition region. From Fig. 5, it can be seen that the
system of two coupled lasers can provide a useful sigmoid or
thresholding function in the optical domain. The system can
be considered as an optical neuron with wavelengtlas the

T12. An explanation for this rapid change can be found in [20heuron output.

To return to laser 1, lasing’i" must be decreased such that A neuron input is called an excitory input if an increase in
(Pfet — Pin/T1)Ty; > PitTyy, which is a smaller value of the input causes an increase in the neuron output. Similarly, an
Pi than initially required for laser 2 to switch on. Thus, in coninput is inhibitory if an increase in the input causes a decrease
trast to case A and B, there is a certain amount of hysteresigrirthe output. Increases iRi* causePs"* to increase. Clearly,
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Pi* acts as an excitory input to neuron #2 which outputs light at

wavelength\,. The inputPi" to laser 2 can also be employed. .Iﬁ
External light input to SOA 2 will caus®i°* to decrease, and "E’ﬂt 1to2 p}’”
so the points where transitions occur as shown in Fig. 5 will be X; 1to4 splitter
shifted to the right. ThusPi® can be considered an inhibitory splitter _To
input to neuron #2. Pé”
Additionally, the position of the optical transition in the
threshold function is controlled by the choice of initial laser To
powers Pf°t and Pi°t. These initial powers can be easily —
changed via the SOA injection currents. Input Ps
st
C. N Coupled Ring Lasers to Form a WTA Network X2 _Ti
in
In this section, the system of two coupled lasers is extended _ Py
to V coupled lasers. However, only the case whEre= T;; is variable attenuator

considered. This choice of laser coupling is particularly simpl ) . . . ) )
pingis p Y pIgg. 6. Fiber optic implementation of input synaptic connections for a

.tO |mplgment. As shoyvn !n Fig. 4, a oneM)sletter is all .thQI two-input four-laser system. The implementation uses fiber optic splitters
is required to evenly distribute the output of one laser to its inpibuplers) and variable attenuators.

and the inputs of all other lasers. Furthermore, the system forms
a WTA neural network, in which only one laser can be lasingote that the weight®/; ,, defined above are actually negative
for a given set of inputs. weights, as they inhibit the lasing action in the laser/neuron with
It is, of course, possible to form other sorts of networks bevhich they are associated. Obtaining simultaneously both pos-
sides WTA using a set aV coupled ring lasers. For examplejtive and negative weights is a common issue in optical neural
each laser may only be coupled to nearby lasers. However, theeeworks [21]-[23]. To enhance a particular laser and achieve
networks are more complex to analyze, as multiple lasers mayositive weight in the network presented here, the negative
be lasing. Furthermore, there may be hysteresis in the systeveights to the other lasers can be increased. Furthermore, the

even ifT;; > T;;. use of differentP!°* acts effectively as an extra bias input, en-
The neural network is required to produce an output basedsuring the correct laser lases when for example all the inputs are
the optical power i inputs X, whereX;, k € 1,2, ..., K  zero. A bias input in optical WTA networks was employed suc-

gives the numerical value of the optical power in ik input. cessfully in [9]. In the particular network reported here, the bias
As shown in Fig. 3, each of th& inputs are connected via ainput isimplemented very efficiently as tfi&°* can be changed
weighted synaptic connection to each of the inputs of he by simply varying the injected curreifitfor each SOA.

neurons. The weight values are denot®d , with the £ and

1 subscripts representing the input and laser/neuron number, re- [Il. EXPERIMENT

spectively. Thatis each laser inpg#* is given by the following: A number of experiments were performed to verify the con-

. K cepts developed in Section Il and demonstrate that a small WTA
Pt = Z Wi 1 Xk (11) optical neural network could be easily made. The experiments
=1 used standard single-mode fiber-optic components, operating at

Fig. 6 shows a single mode fiber optic implementation of th¥avelengths near 1550 nm. o o
weighted synaptic input connections ff = 4 and K = 2. The SOAs were supplied packaged and with fiber pigtails at-
The implementation requires only “1 f§” and “1 to K split-  tached. The SOAs employed a strained bulk active region and
ters and variable attenuators. The variable attenuators can be/¢@f€ manufactured by JDS-Uniphase. The SOA residual facet
justed to give the desirel’; . An alternative implementation reflectivities were less than 10 and sufficiently small so that
could employ free space optics to construct a free-space optiéiy could be ignored. Furthermore, the maximum gain required
matrix vector multiplier [19]. of the SOAs in the experiments was low: less than 20 (13 dB).

Using the input connection scheme described above, the mbence, amplified spontaneous emission was only a small frac-
imum output for theth laser given a particular set of inputs andion of the SOA output power when they operated in the lasers.
assuming all other lasers are off is Therefore, the assumptions used in the Appendix to derive the

) simplified laser model used in Section Il were satisfied.
Pt — Py, (12)
) ) ] A. Two Coupled Ring Lasers

In Section II-B, it was explained that for a system of two lasers,

the laser with maximumP?"*T;; will suppress lasing in the loved (With N — 4). To d he thresholding f
other laser. A similar argument holds for the systemVdasers, p_oyef (W'tl R ?.h 0 emc_mstrate t_et resho ng urf1c-
since the output of one laser effects all lasers equally. The lal@P Of two lasers with approximately;; = Ti;, the setup o

which ends up lasing and suppresses lasing in all the other ladefs_4 Was employed, but with only lasers 1 and 2 switched

will have the highest value of (13) of all the lasers, furthermor&]! tThe SOAtirtljection currents were set asymmetrically to give
its output power will be given by (12) Pl"'Tn > P;°*Ty; and thus make laser 1 dominant whenever
P = 0, as described in Section II-B. The injection currents

(Pt — Pj“ﬂi)ﬂ;i. (13) for SOA 1 and 2 were 132 and 150 mA, respectively, and with

For most of the experiments the setup of Fig. 4 was em-
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these current®f°t = 161 mW, andP;°* = 0.73 mW. Note that 1.5 : ' ' ' : '
the precise relation betwedt{°* and the current of the specific
SOA depends on the specific SOA characteristics, lasing wa
length, and losses around the ring.

External light of 1550.92 nm wavelength was injected inty -
laser 1 via the coupler at the input of SOA 1. The injected ligl
power Pi* was varied from 0 to 0.32 mW. The valuesBf"
and Py"* as a function of the injected light power are shown i
Fig. 7.

As can be seen, a threshold function is achieved. Howev
the transition between laser 1 lasing and laser 2 lasing is 1
infinitely small as mentioned in Section Il. The finite transi-
tion region is primarily due to the dependence of gain throug
the SOA on the polarization of the input light [24]. The polar
ization dependence means the gain seen by light injected i o1 ' 02 03
the laser is less than that seen by the light at the lasing wa Power injected into laser 1 P;"  (mW)
length. The polarization controller was used to obtain the max-
imum SOA gain for the light at the lasing wavelength and ndig. 7. Experimental results showing threshold like function produced by two
for injected light from other sources. Furthermore, the additic?gi“e‘ﬁfefﬂr'?ﬁi%%i”i”}?f_reas'"g amount ofightis injected nto the dominant
of spontaneous emission further increases the transition region
and causes rounding in the corners of &' and Py"* plots.

To obtain a smaller transition between the laser 1 and lasel 4 L L . L L
lasing, the polarization of light in the system needs to be we _

(mW)

out
2

P

out

Power out of laser 1 and 2 P;

controlled. This control could be obtained via the use of polai % 1 —o— P}" I
ization maintaining optical fibers. Alternatively, SOAs whoses_ | —o— Py" i
gain has very low polarization dependence could be used. :‘. 8

A second experiment was performed, with a setup similar 12> .
the one used above, to demonstrate that a threshold functi 5
with hysteresis can also be achieved. To achiEye< T;;, the
PHASAR was replaced by a discrete Fabry—Perot filter in eac
ring laser. Furthermore, the one to four splitter was replaced t
a fiber coupler with an unequal splitting ratio (60/40) for the
two arms. The arm which carried the higher optical power ot
of SOA 1 was directed to the input of SOA 2. Similarly, the arrr
with higher optical power from SOA 2 was directed to SOA 1
In this manner, &;; < T;; was achieved. 0% T TO—€¢—TO—9O8 1T —©6—¢

The injection currents for SOA 1 and 2 were 125 mA anc 0 Power in?éiﬁad into laser 1 P}'"Ols(mW)

120 mA, respectively. With these curreny?t = 3.5 mW and
Piet = 2.1 mW, which made laser 1 dominant whé%f' = 0.  Fig. 8. Experimental results showing threshold like function which now has

Again, a varying amount of light was injected into SOA 1hysteresis in the transition from one laser to the other lasing. In particular this
The resulting threshold function is shown in Fig. 8. The hyd for the caséi < Ti;.
teresis in the transition can be clearly seen.

o -

Power out of laser 1 an
-
1
T

. The weightsW; , were calculated by a computer program

B. Network of Four Coupled Ring Lasers using a stochastic learning algorithm identical to the one pre-

A network of four coupled ring lasers, as shown in Fig. 4ented in [10]. The program implemented a model of the real
was constructed, along with a fiber optic network to implememetwork which used values @f; obtained from measurements
the weighted synaptic connections (as shown in Fig. 6) for tvid the setup. The program modeled the way the real network
optical inputs. Note that the PHASAR employed provided eiglperated, as described in Section II-C.
filters. The four filters with the lowest transmission loss were Note that the learning algorithm calculated weights for a third
selected for use. With the four selected filters, the lasing wavainary input also. This third input was always set to one, and
lengths of lasers 1, 2, 3, and 4 were 1515, 1516.6, 1518.1, a&nded as a bias input. As explained in Section 1I-C, this bias
1521.3 nm, respectively. input is necessary to achieve correct network operation. Once

The input weights were programmed to perform two fundhe weights for the bias input were found, they were translated
tions of two binary optical inputs. First, a function to select thiato the corresponding’f°* and finally into an appropriate in-
laser corresponding to the 2-bit binary input, the WTA fungection current for the SOA.
tion [9]. Second, the&or function of the 2-bit binary input was  When the weight$V; ;,, were obtained from the program, the
performed. Note that a binary 1 represents an optical power®f could be calculated from (11) for the various inputs. The
20 mW at the input, while a binary 0 represents 0 mW. attenuators in the input synaptic connection network were man-
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Fig. 10. Results okor experiment. Laser 2 performs t@r function for

the two binary inputs. Coincidentally, laser 1 is ther, and laser 3 is thenD
function of the two inputs. Note that the results for the two input vectors 01
and 10 are plotted together on the middle graph and that the vertical scale is a
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Wavelength (nm) logarithmic scale.

Fig.9. Results of WTA experiment. Which laser lases is selected by the binary

value of the two optical inputs. The inputs are in the optical power domai[B]e current methods do not provide very high contrast in the
A binary 1 represents 20 mW of optical power at the input, and a binary

represents 0 mW. Note the vertical scale is a logarithmic scale, and so, tHeHPUt decisions. Typically, electro_nic_ thr(?ShO'ding is used after
is very high contrast between when a laser is on or off. the address processor to clearly distinguish between patterns.

To demonstrate the ability of the network presented here to
perform address recognition, a network as described above, but
with only two lasers and four inputs, was trained to recognize the
address 1010. The same methods that were used to obtain and
t the input weights for the 2-bit input experiments described

ually adjusted to give the correét™ when the inputs were ac-
tivated.

The results for the WTA ankoR networks are shown
in Figs. 9 and 10, respectively. Note that the vertical scald . ;
in the figures are logarithmic scales. As can be seen fro ove were used for the 4-bit experiment.
the figures, the WTA andor functions were successfully IIn particular, laser 2 and 4 out of the four lasers were em-

implemented. Furthermore, the difference in light output of%oyed. AIS_O t_flwe Lmtpr:e?we;]ntanqn Ef thg ||:put synaptic (t:r(:n?ec-
laser between when it is lasing or not is large, the contrast r. gns was similar to that Shown In #g. ©. However, Now Ihe four
being more than 100:1. Thus, there was very high contr pary inputs entered on the right-hand side of Fig. 6 and the
between the different output states of the network. Also tAC connections to the laser were from the left-hand side.

network was relatively insensitive to the wavelength of the The res;lts 101f rﬁ)plylngbthe 16 poslsu;)rlle !npuf[ \1/8%”3 atre
inputs. Nominally, the input wavelengths were 1550.9 nm f&hown N FIg. 15, AS can be seen, only the npu vector
auses laser 2 to lase; for all other inputs, laser 4 lases. Further-

one input bit and 1548 nm for the other input bit. Howevef P )

for the WTA experiment, the wavelength of one of the inp ore, the contrast ratio in Ilght_out!out .between when a laser is
bits could be varied from 1510 to 1560 nm, a range of 50 n ,smg or not is over 100: 1, which is high.
while maintaining correct operation. Finally, correct operation
was maintained over a period of many days. IV. DISCUSSION

. ) Previous optical neural networks [10], [11], have suffered

C. Recognition of 4-Bit Address reliability problems due to the mechanical stability of the free

Atarget application of the network is in all optical processingpace optics setup used to implement them. Environmental
of data packets in optical telecommunication systems. In thegeanges such as vibrations or temperature changes can have
systems, the addresses of packets need to be recognizedsigmificant effects. The use of fiber optics avoids the free
routed to appropriate outputs [11]. Current demonstrations gface optics alignment stability problems. The neural network
all-optical address recognition have address lengths of apprakéscribed here operated correctly over a time span of many
mately four bits [28]. Even if the address is larger, only a limitedays, where ambient temperature changes of several degrees
number of special patterns can be used [29], [30]. Furthermo@glsius occurred.
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-15 structed. These larger networks could consist of a single large
WTA, cascaded WTA networks, or as mentioned earlier, some
other network not havin@;; = T;;.

For more complex functions, the precise relationships be-
tween lasers must be known. Also, how inputs affect each laser
will differ due to wavelength and polarization dependence of
gain [16], [24]. Thus, larger more complex networks will prob-
ably require that the learning procedure is performed with feed-
back from the actual network. This on-line learning will require
some way to electrically control the input weights.

In operational telecommunication systems, the address length
can be quite long, for example, internet protocol (IP) has 32-bit
addresses and a 160-bit packet header. Distinguishing between
two long addresses which differ by only one bit is not easy in
one WTA neural network, as the threshold function presented
here may not be sharp, nor the position of the transition well
defined. However, it would be possible to recognize large ad-

1820 1592, dresses using a number of smaller connected neural networks.
Wavelength (nm) The neural network presented here provides a way to imple-
o 11 Results of 4-bit add " et The t ment complex logic functions in optics with high output con-
s;{%ws that IZ;L;rSZ ?ases florinp[ﬁs\/secrt%iolggllcl)c.)rl]:oerxt%ing:ﬁgr.15 [fosgirt))lgriﬁ St', The ne,ural'network technique allowg .for programmability
vectors, laser 4 lases, as shown in the bottom graph. Note the vertical scaki@rticularly important for address recognition) and also allows
a logarithmic scale. compensation for the deviations in the laser device and inter-
connection specifications that often occur in manufacture.

The network was also robust against variations in input wave-One final consideration is the size of the neural network that
length. This robustness was because the interaction betweerlfig¥ be implemented due to the filter wavelength spacing and
lasers themselves and between lasers and the inputs involfiéi#e SOA bandwidth. The spacing between the PHASAR filter
light which was not at the lasing wavelength of the receivingavelengths can be controlled in the PHASAR design [18]. For

laser. Thus, no specific phase or frequency relationship needéti experiment, the spacing was 1.6 nm. The SOAs employed
to be maintained between the various light sources. had considerable gain over a bandwidth of more than 100 nm.

The stability, robustness, and optical inputs and output§us, reasonable sized networks of more than 60 neurons should

make the network suitable for the target application of afe realizable.
optical processing of telecommunication data. The network is
also suitable for integration in a photonic integrated circuit. V. CONCLUSION

Components such as couplers, PHASAR, SOA, and wavegwdeﬁ] this paper, a number of interesting systems based on cou-

can be integrated in a planar chip [14], [25], [26]. rled ring lasers have been studied. In particular, it was shown

The neural network presented here will operate at speeds s Hkt two coupled lasers could provide a useful and controllable

llar to the one discussed in [27]. In [27], the main factor dete{Flreshold or sigmoid function. Furthermore, a system consisting

mining system speed is the laser cavity round trip time. Henfhumber of these lasers could be made to perform as a WTA

Input: 1010

Power (dBm)

an integrated network with small laser cavities, would be ab & ural network

to respond to inputs on a nanosecond time scale, suitable Oy simple laser model was developed and used to explain
h|gh—sp¢ed da}ta_ transmission systems [27]. Furthermqre, H?J%vthe coupled laser systems worked. Also the threshold func-
system s not I_|m|te(_:i toring lasers. Fabry—Perot lasers with frf;r()ns and WTA network were demonstrated experimentally. A
guency selective mirrors could also be employed. These Iasﬁ(ﬁnber of 2- and 4-bit input logic functions were performed

have been shown to possess the same nonlinear function as ng?fhe WTA network. The neural network was particularly ro-

in Fig. 2 [20]. . . . _bust against changes in input wavelength and environmental
However, there are some issues which need further investi Plémg es

tion: For large WTA networks, the amount of feedback to eac This work has been targeted toward telecommunication

SOA is small, requiring large gains from the SOAs for Iasin%

For | aworks. the input i iahted e gplications by implementing the networks at wavelengths
or 1arge networks, the input synaptic weighted CONNECUORa - 1550 nm. If implemented in integrated optics, the neural
will be complex to implement in planar of fiber optics. Finally,

network presented here could provide high-speed complex all
the learning and weight adjustment phase of the network is WorK P Wi provi '9N-Sp plex

: ) rb(ijttical logic functions required in telecommunication systems.
performed optically, as the attenuators used were mechanically

controlled.

It has been shown that optical WTA networks are capable
of performing some moderately complex logic functions [11].
To demonstrate the ability of this particular network to perform In this Appendix, it is shown that for a given set of SOA
large logic operations reliably, larger networks need to be coparameters and SOA injection current, there exists only one pos-

APPENDIX
RING LASER MODEL DERIVATIONS
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sible value of gairz for any particular total input power to the The left-hand side of (18) can be integrated from zeré #nd
SOA Ps. Furthermore( decreases with increasidgy . the right-hand side fron¥(0) to GS(0) to obtain

The SOA has received considerable attention in the literature.
The derivations given here are based on the results givenin [13}, , C1 — aintC25(0)
[24]. In this paper, a traveling wave (TW) SOA device is con-(]le = In(G) + I <01 - aimCQGS(O)> - (2D
sidered. That is, the ends of the SOA have antireflection coat-
ings, and light flows through the device without any reflectionsor G > 1, the right-most term in (21) is a monotonically in-
at the SOA ends. The active region of the TW-SOA has widffeasing function o§(0) that ranges from 0 tec. Hence, there
W, heightd, and lengthL. Light is injected at the SOA input at ¢an only be at most on(0) [and via (15) one”*] that satisfies
positionz = 0 and flows parallel to the axis until it reaches (21), given aG. In a similar fashion, it can also be argued that
the end of the SOA at = I.. asS(0) is increased@ must be decreased to satisfy (21).

The SOA active region provides a net intensity gain per unit Note that these results have been obtained without making
length at positiorx of g(z) any assumptions on the carrier distribution throughout the SOA.
With the assumption of constant gain (and thus constant carrier
density) throughout the gain medium, then these results could
be derived more easily [20].

In Fabry—Perot lasers, the optical fields travel in both direc-
tions through the gain medium, creating an approximately con-

Qint + Cl
Qint

9(z) =Ta(n(z) — no) — Qint (14)

wherel" is the optical confinement factag, is the gain factor,

n(z) is the carrier density at position n, is the carrier density
at transparency, ang,; accounts for intrinsic losses.

The photon density at positionis S(z). S(0) is related to
the power injected into the SOR® by

stant carrier density. However, in the ring lasers employed here,
the unidirectional optical field is uneven throughout the gain
medium. This unevenness can lead to a carrier distribution that

is far from constant throughout the gain medium.

PS

S(0) = Wdhvv,

(15)

(1]
whereh is Planck’s constani; is the optical frequency, ang,
the group velocity.

The carrier density, photon density and SOA currérdre
related as follows [13]:

I n(z)
gWdL Tsp

(2]
(3]

(4]
(5]
with ¢ being the electronic charge ang, the carrier lifetime. 6]

Assuming that the effects of spontaneous emission can b ]

ignored, therS(z) is given by the solution of the following dif-
ferential equation:

+ Tvga(n(z) —ng)S(z) (16)

8]
dS(z)

dz

= 9(2)5(2). (17)
[0l
Note thatS(z) needs to satisfy (14), (16), and (17), and is sub-
ject to the boundary condition (15). (10]
G is the gain through the SOA, that & L) = GS(0). In
[13], [24] a relation is found betwee&', Pi* and the SOA [11]
parameters, which satisfies (14)—(17). However, the further
assumption ofa;,, = 0 is required. In the derivation given [12]
below, the assumption ak;,.—q iS not required.

Equations (14), (16), and (17) can be combined to arrive at

[13]
1+ Cs5S8

dz = dS 18
“ 7 5(Ch — amC295) 49 [14]
where [1s]
[16]

It,Ta

L qWdL ~ ol = Qin (9 [17]

Cy =75pl'vga (20)
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