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1 Introduction come together. Devices with very high speeds may be

Several hundred papers have been published in the Iasts"aCk‘:'_d In S'(;‘%Le optlcqllj_ﬂnpsf, W|thk_very low pov:llelr con-
twenty years concerning different architectures and algo- SUMPON and the possibiiity of working In a parafiel con-
rithms able to implement possible future optical computers. figuration. This situation has a very important advantage: It
They have taken different points of view. Most of them may emplqy many of the previously develo_ped approaches
may be grouped into two basic philosophies. The first one :Bleel\(lavci:ttrrlotr;]lgnfl:omputers and, at the same time, be compat-
Is related to analogous structures employed in electronic Another coﬁsideration of importance is the location and
computers. Such papers adopt a serial type of processing, .

L tircumstances of the proposed structures. One of the areas
W|tr_1 similar ideas to curren;ly useq structures. For these theWhere optics and photonics are more active is in optical
main advantage of employing optical concepts comes from communications. For this reason, many of the present de-
thg possible aIIeV|at|on of typical bottlgnecks_ at certain velopments in this area should be employed in any future
points as well as the higher speed obtained with photonic

devi Th d his related to th llel ch optical computer. It should be of great interest, for example,
evices. 'he second approach IS refated to the parallel chary, employ the same optical frequencies as in optical com-
acter of light propagation. In it, the principal benefit ob-

ned is ihe hiaher inf . . I h munications. Wavelengths around 1.3 and 1.86 should
talne_ IS the Igner in ormgtlon capacity as well as the preferably be used. Moreover, the present dense
possibility of application to image processing and pattern wavelength-division multiplexingDWDM) systems em-

recognition. Both. approaches have, at the same time, manys oy frequencies in the third window covering a range of
pros and cons—in some cases pros and cons arising frofyyng 15 THz. This implies that any device should work
the same features. Although photonic devices have an in-properly in this range and no difference in behavior should
herent capability to work at much higher speed than their o opserved when changing from one wavelength to an-
electronic counterparts, their power consumption and size giher.
are usually larger. Moreover, from the first previously indi-  yyhether in either of the two previously mentioned cases
cated point of view, to employ serial design, when the main or when using optical communication devices, some facts
advantage of optics is its parallel properties, appears as a&emain important. One of them, and it will be the main
serious drawback. But parallel approaches require, at leastsybject of the present paper, is the influence of the devices’
in most of the published work, structures very difficult to tolerance on the obtained final results. In most of the re-
implement in practical systems. This difficulty is more sig- ported works in optical computing, devices act as ideal
nificant if these systems are to be employed in a similar components. This assumption may be valid when a system
way and in similar situations to the present electronic com- works in a research laboratory or in a field trial with a
puters. supervisor in attendance. But if the optical computer is to
Some of the above problems may find solution in the be a common instrument, real behavior needs to be consid-
near future if some recently reported proposals, employing ered. Devices have a certain tolerance, and operating pa-
photonic materials and concepts, are developed further. Inrameters may change from one device to another. More-
that case, the two previously indicated philosophies may over, they may change from time to time, depending on
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external parameters as, for example, temperature. A con- g ——l
crete example of these considerations is related to the well-
known self-electro-optic effect devi¢S8EED).? Its behav-
ior is strongly dependent on temperature. Small changes in
operating temperatures affect its absorption properties, and
in consequence its nonlinear characteristics may change
from time to time. At the same time, if the wavelength of T
the impinging light changes, its working parameters are h
affected too. This is the situation with respect to the use of
components and wavelengths in optical communications. If (&)
these devices are going to be used in logic circuits, these
changes may significantly affect the final results. If the final g_, Q
behavior of the optical computer has to be reliable, these
problems need to be taken into account. _, i M 0,

Thus, the influence of device tolerances on optical arith-
metic computation will be the principal task of this work. h—
Some common operations—those performed by such basic
circuits as the half adder and full adder—will be taken as l,——
examples of our approach. Other more complex operations, —-D_’ —— |t
such as optical parallel addition and multiplication of Ll — 0,4
words, optical matrix computation, or, in general, optical
sequential machines, may be analyzed in a similar way. )
They will be the subject of future work.

In order to perform the analysis, we wil take an optcal g, i s o G Bk s
Ff:gggsé?énn??ge kl)gglsiu%elggp\ll_vce:) r?gvi]epreel\enr(?jgl;ag[uudr:g dO]':hiS spond to nonlinear optical devices—P and Q—and to optical cou-

. plers.

cell and reported its logical propertiésVe have analyzed
its nonlinear behavior, mainly when the cell is acting under
certain chaotic conditions. Its resulting irregular behavior
was analyzed with fractal concefthe application of this  way, inputs arriving at the individual devices are multilevel
cell to circuits such as the half and full adder will constitute signals. The working levels are
the first part of this paper. The second part will be devoted

to the influence of the tolerance of the elementary devices ~ 1;+1; 0,
on these arithmetic operations. P=T 5 TOt & (1)
for P, and

2 Basic Unit of the System: Optical
Programmable Logic Cell I1+15

- +h @)

Although the basic unit to be employed here has been re- @ 2
ported previously in several placé$some details will be
presented here for use in our present work. The basic con-for Q. The output fromQ is divided into two equal-
figuration appears in Fig. 1. The input and output signals intensity signals. One of them is the final outg, and
are optical binary data, and the employed devices are non-the other onel;=0,/2, becomes a part of the input B
linear optoelectronic devices with digital characteristics. This behavior was computer-simulated.
Figure Xa) shows a block representation of the basic cell, Therefore, the output of the devid® depends on the
and Fig. 1b) its internal configuration. Two optical devices, ¢ontrol signalg plus one-half the outpud, of the device
P and Q, with a nonlinear behavior, compose the circuit. Q. The output ofQ depends only on its control signial We
The outputs of each one of them corresp_ond to the two final ynderstanautputas the type of processing, or logical func-
outputs,0; andO,, of the cell. The possible inputs to the  tjon, that each one of the devices executes on the two bi-
circuit are four. Two of theml; andl,, are for input data,  nary data inputs.
and the other twog and h, for control signals. The way The characteristics of the nonlinear devices are also
these four inputs are arranged inside the circuit is also rep-shown in Fig. 1b). The deviceQ is a threshold or switch-
resented in Fig. (b). The corresponding inputs to the non- ing device, andP is a multistate device, having the ideal
linear devicesP andQ, are functions of these signals plus, response of this nonlinear optical device. This response is
in the case oP, one other coming from inside its own cell  similar to that of a SEED. Because the input signal is a
and obtained fronQ. multilevel signal, as can be seen from EB.and(2), the

A practical implementation of this structure that we car- output depends on the relations between:
ried out was based on an optoelectronical configuration. 1 the level 6a 1 bit
Lines in Fig. 1b) represent optical multimode fibers. The ' .
indicated blocks, placed to combine the corresponding sig- 2. the level of the control signal
nals, are conventional optical couplers. These couplers, de- 3. the level for switching from one state to anotkthis
pending on their function, are>2, 1X2, or 2x 1. In this level is intrinsic to the employed device

2372 Optical Engineering, Vol. 40 No. 11, November 2001
Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 09/25/2013 Terms of Use: http://spiedl.org/terms



Gonzalez-Marcos and Martin-Pereda: Method to analyze . . .

aut

Table 1 Summary of pairs of logic functions. O, is the output from
Q; “C.s.” stands for “Control signal.” The outputs for a half adder are

italicized; those for a full adder are in boldface.

Q - Device | : d I
| ' { in
b N Output O, from P
k—nw T+41=1
Lh oy j+o=1  OR 0,=AND; 0,=OR: 0,=ON;
' 1 ! Cs.toP Csto@0-04 Cs.toQ 05-09 C.s.toQ:1.0-2.0
| I
! Data
lout 0-0.4 XOR XOR NAND
P - Device 0.5 NAND NOR NOR
I 0.6-0.9 ON XNOR XNOR
1.0 XNOR XNOR AND
1105129 xom 11-14 XNOR ON OR
0+0+0=0 15 AND OR OR
pata Ly q.pevice 1.6-2.0 OR OR ON
output 2.0-2.5 ON ON ON

Fig. 2 Example of input/output characteristics for devices P and Q
for a particular situation; dp o are the corresponding decision levels.

dpo,...,dps Of decision at the devicB. However, there are
just three input levels, according to which the output is able

In order to clarify the above facts, we have represented 0 Switch from one state to another.
in Fig. 2 how to obtain one pair of possible outputs. The ~ The behavior of the outp®@®,, for functions ON or OFF
previously mentioned parameters are indicated in the sameat outputO,, is shown in Fig. 3. The ordinate is the power
figure. Moreover, the nonlinear devicBsand Q appear in level h of the control signal, and the abscissa, the power
the ideal form adopted for them. Other logical operations level dp; of the decision signal.
can be obtained in a similar way. The eight Boolean functions—AND, OR, XOR, ON,
The value 6a 1 bit at either of the two inputs of the cell, and the negative NAND, NOR, XNOR, and OFF—can be
namelyl, or I,, has been considered as the normalization obtained at the outpu®,. Figure 3 shows one of the pos-
value for the simulation of an OPLC. As changing param- sible results from this cell. This diagram is called the 2-D
eters have been taken: working diagram Table 1 sums up all the pairs of logic
functions and the conditions to obtain them.
1. the decision levels of each deviak, anddp (see There is one last parameter to be fixed. It is the width of
Fig. 2 the hysteresis cycles. Figuréa#shows a way of modeling
2. the two control signalgy andh. the deviceP. As can be seen, it is based on three step
functions related according to the rules indicated in the fig-
Moreover, we have considered five equidistant levels ure. In any case, there is a certain tolerance in the definition
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Fig. 3 Behavior of the output O, of the OPLC for an ON output at gate O, . The axes show the power
level h of the control signal versus the power level dp, of the decision signal. Both signals are
normalized to an input bit 1.
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indicated, the cell is able to perform the main Boolean
f ; ~— functions and, as a consequence, arithmetical operations.
049 0.50 The design of a half adder using our OPLC is based on

AND well-known equations. A simple design appears in Fig.

I ‘ 7 T o|_50 ,_,wl 1|_50 5(a). As can be seen, the control signals are zero. Hence,

149 190 0O, is an XOR function of input data, an@, is an AND
{ } function. They correspond to the equations for a half-adder:
199 2.00 Si=A;®B; andC;=A;B;. Table 1 summarizes the OPLC'’s
\ / behavior for the corresponding control levels. In the table
<oR are indicated, in italic, the two corresponding outputs for a

half adder. Some results are shown in Figh)5Due to the
graphical simulation method employed, the graphical bit
representation is not the conventional one. Bits 1 and O are
{ } { } { { not just horizontal lines at the corresponding levels. There
T 049050 149 1.50 1.99 2.00 are diagonal lines between obtained zeros and ones, and
(a) this gives a triangular appearance to the bit series. Indicated
in Fig. 5@ are the input data, the sum, and the carry.

Real binary addition needs to take into account the carry
generated from previous bits. The simplest adder is a one-
bit adder that serially adds twebit numbersA andB, by
taking operand bit pairs at a rate of one per cycle and ob-
taining resulting bits at the same rate. Such an adder is
called a full adder and is designed from the corresponding
logic table. This involves three inputs and two outputs. Our
1+1=0 OPLC has these characteristics. In this case, the three in-

puts are the two added bifs andB; and a carry-irC,_,
9 | 1+0=1 NAND which is the carry-out from the addition &f_, andB;_;.
i The two outputs are a sum [ and a carry-out biC; to
0+0=1 the next stage. This gives the well-known equations

S=(Ai®B)eCi_q, 3

| 1+1=1

9 ' 140=1 OR Ci=AB;+(A®B,)C_;. (4)

0+0=0

d, d, d, d, The termsA; @ B; andA;B; are the sum and carry bits with-
out the incoming carry taken into account. They are known
(b) as the partial sum and partial carry. In order to understand
how the full adder is implemented with the OPLC, one

Fig. 4 (a) Internal tolerances of P; (b) example of the influence of must analyze the two possible cases for the value of previ-
the external tolerance on the obtained logic functions. Small varia- ous carrier in Eq(3) and (4):

tions in the control signal g, affect the final result.

1. Ci_1=0: Si:(A,@BJ@OZ(Al@B|)O+(A|@B|)1
:O+(Ai@Bi):(Ai@Bi), function XOR; Ci

ofI the transitior;) fromII tge Iﬂllower tlo tr|1e higher state. This =AB;+(A;®B;)0=AB;, function AND.
tolerance may be called theternal tolerance Moreover, _ —
there is arexternal toleranceelated to the real position of 2. G, =1 S‘:(Aie_aBi)@lzMi@Bi)lHAi@Bi)o
the control value with respect to the decision level. An =(Ai@B;), function XNOR; Ci=AB;+ (A
example appears in Fig(). The same input signals may +B;j)1=A;B;+ (A +B;)=A;+B;, function OR.
give different results depending on where the control signal ) ] ]
is located with respect to the decision level. In the example I Table 1 the corresponding pair of functions needed
shown, a NAND function is performed in one case, and an for the full adder is shown in boldface. o
OR in the other. These tolerances are of great importance A full adder, in Simulink™ modeling, appears in Fig.

when logic cells are applied in optical computing. 6(a). Every one of the_possible input options is presented. It
appears, from a detailed study of the full-adder truth table,

, , ) that the carry output fron®, must be applied as a control
3 Arithmetical Units Based on the OPLC signal to the OPLC. The input carfy,_, is applied as the
If a cell as described is to be employed in optical comput- g and h control signals. Different Boolean functions are
ing architectures, basic configurations as, for example, thegenerated depending on their values. Thus the full-adder
half adder and full adder must be implemented. As was truth table may be obtained. Figuré®bshows the result of
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Fig. 5 (a) Half-adder Simulink™ model; (b) simulation results for sum and carry, one bit per time step.

our simulation. A X2 coupler, with a specific coupler re- output, corresponding to a particular pair of values for the
lation, is the only optical component needed to assign the control and input signals. The Boolean function is charac-

0O, output to the control-signal input. terized by a hexadecimal value. The reason for choosing
this representation was indicated in that paper.
4 Device Modeling In order to obtain that diagram, the two input data sig-

nals must maintain a fixed relation between their frequen-
cies. In this case, the period of one input signal has to be
double that of the other one. In this way, the internal input
signal toP is a multilevel signal, with a pattern li, 1, 1,

0] for every four bits. Then, every four bits of the output
defined. Its characteristics may vary when, for instance, the Signal correspond to a Boolean-function truth table. We
wavelength of the incident or control beam changes convert these four bits to a hexadecimal value and obtain
slightly. Similar changes occur when temperature varies. e corresponding point in the working diagram.

These factors lead to changes in the transfer function and, 1he model to be studied takes into account some of the
as a consequence, in the characteristics of the output light 2b0Ve facts. The main point is that we have simulated the
These changes may alter the logic function performed, and possible variations in the SEED’s behavior as small hyster-
thereby vield a different result for the intended arithmetic €Sis cycles at the zones where there is a change, from 1 to
operation. 0 or from 0 to 1, in the output level.

In a previous papét the effect on the final result of Figure 7 shows how we represent the defcand how
small changes in the input signals was studied. The studywe have modeled itsee also Fig. ¥ As can be seen, it is
was performed with the help of the fractal structure offered based on step functions related according to the rules indi-
by a new working diagram adopted for our optical logic cated in Fig. 7. As was indicated before, there is a certain
cell. This working diagram represents the input/output tolerance in the definition of the transition from the lower
characteristic in three dimensions, and it is an extension of to the higher state. This tolerance, timernal tolerance
the previous 2-D working diagram presented in Fig. 3. The has as a consequence the presence of the hysteresis cycles.
Z axis now gives the Boolean function generated at the Moreover, this tolerance is the way we take into account

The SEED, or some similar device, is the main component
to be employed in the OPLC to configure a logic circuit. Its
transfer function for optical output versus optical input
power displays nonlinear behavior suitable to perform any
logic function. But this behavior is not truly static and well-
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Fig. 6 (a) Full-adder Simulink™ model; (b) simulation results for all possible combinations of input
data and carriers.

the possible working changes due to either internal or ex- results, in comparison with the correct ones, for some val-
ternal factors: ambient temperature, device temperature,ues of the device tolerances. The second one is a closer
and input and control beam wavelengths. look to see the effects of tolerance values.
The arithmetic unit to be studied is a ripple carry adder,
which has not been a popular unit for a long time, but
5 Dynamical Behavior of an Arithmetic Unit presents some advantage as a regular structure. More de-

There are several possibilities to analyze the internal behay-{@ilS can be found in Ref. 5. This type of adder can be

ior of our OPLC when employed as a part of circuits for obtained by connecting full adders in a chain, with the
optical computing. Its behavior when performing logic C&Ty output from one full adder connected to the carry

functions was studied in a previous papém.that case, the  INPUt of the next.full adder. All the operand bits can be fe_d
intended objective was only an analysis of the simple opti- into the adder in parallel. Also, no storage or delay is
cal logic cell in performing logic operations. The basis of Needed for the intermediate carries. Figure 8 shows the
the method employed was a 3-D working diagram where Simulink™ mode_l of a 4-bit ripple carry adder. Four blocks
the axes represented control-signal values and tolerances ofan be seen, which correspond to the full adder represented
input signals. The effect of small variations of the input in Fig. 6@ without the pulse generators.

signals on the final results was studied there. The obtained A first analysis was based on the results obtained from a
results showed different regions in the working diagram for random sequence of numbers applied to the inputs of the
the different logic functions implemented by the cell. The ripple carry adder. The result is subtracted from the correct
most interesting result was a fractal structure in certain re- result. Abscissa indicate evolution in time, and ordinates
gions and how this fractal changed with input signal values. the resulting error values. If no errors are present, the final
The objective of the present paper is to show the ways ourresult should be a straight line. When errors are present,
logic cell works as part of an arithmetic logic unit. For this values higher or lower than zero should be obtained. Figure
purpose we have performed two types of analysis. The first9 shows the situation when a change in width of the PE1
one is just a simple test in order to get an idea of the final relays has been imposed. This is only a first indication of

2376 Optical Engineering, Vol. 40 No. 11, November 2001
Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 09/25/2013 Terms of Use: http://spiedl.org/terms



Gonzalez-Marcos and Martin-Pereda: Method to analyze . . .

DEVICES CHARACTERISTICS OPERATIONAL CHARACTERISTICS
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(PEB+PS2) 1

FINAL BEHAVIOUR

Fig. 7 Modeling of device P, in Fig. 1(b), with SEED threshold behavior.

changes in the final result when device characteristics areare presented in Fig. 10. The abscissa is the change in po-
changed. sition of the hysteresis cycle, and the ordinate is the in-

The general result reported gives no indication of the tended result without any error. The value 0 on the abscissa
influence of particular changes on different classes of de-is the correct cycle position. Green indicates that there are
vice characteristics. As has been pointed out before, ourno errors when two numbers are added. Other colors indi-
computer simulation of the devideis based on the simu- cate errors. Gradual changes in color indicate gradual
lation shown in Fig. 7. This figure indicates the way it has changes in error values. Darker colors indicate larger er-
been implemented. As can be seen, the initial step is to takerors. Red means positive error, and blue, negative.
three on-off characteristics with a certain tolerance. This  Figure 1@a) shows the results for a change of the hys-
tolerance corresponds to the possible hysteresis cycles interesis cycle PS1 from-4.5 to +4.5. The precision is 0.1.
real components. They have been named PE1, PE2, andhis means that displacements steps have that value. We
PE3. They are added in the way indicated in the figure, and observe a vertical green band around the 0 position, be-
the results go to two new devices with the indicated char- tween —0.1 and 0.1. However, there are errors in every
acteristics. They are devices PS1 and PS2. other region.

In any real component, the position and width of the In order to obtain a better understanding of this behav-
hysteresis cycles would change in one or the other directionior, we have made smaller changes in the imposed varia-
when some external or internal condition changed. Thesetions. Figure 1(b) shows the results when the changes are
variations have been analyzed with 12 possible tolerances0.01, in the range from-1.19 to 1.01. There is a difference
imposed on the basic units of the OPLC acting as full between the two cases. (a) we got a region with no errors
adders. They are shown in Fig. 8 as “vector status of hys- between—0.1 and+0.1, but when the changes are reduced
teresis cycle,” and they have been designated, as beforeto 0.01, the region gets much smaller: from0.01 to
PE1, PE2, PE3, PS1, and PS2. +0.01. This indicates that this region of the tafatharac-

Our present simulation changes the position of the hys- teristics has the largest influence on the final result. There is
teresis cycles without changing their widths. Although both almost no area outside of the indicated region where no
devices,P andQ, could vary their characteristics, we have error appears.
just considered variations iR. These changes were made A similar study performed for hysteresis cycle PS2 gives
one by one. Five cycles are analyzed. Some of our resultsa very different result. The variation is now from4.5 to
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Fig. 8 Simulink™ model of ripple carry adder, with randomly generated decimal numbers (maximum
number:16) plus conversion to the binary system.

+4.5. The region with positive changes shows almost no change. This indicates that these variations are much more
error at all. There is just a small error around 10. Every influential than positive ones. See Fig.(d0

zone outside this sector is free of errors. On the contrary, It is possible to infer from these results that changes in

negative displacements give errors for almost any possibleposition of the hysteresis cycles alter the final result. There
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Fig. 9 Addition of two random numbers (between 0 and 15): real sum and obtained result plus
resulting error displayed in Fig. 8 as “error display block.”
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Fig. 10 Error representation for displacements (Tol) of the relay block width: (a) precision 0.1, on the
PS1 device (PEli+Tol, PE1ls+Tol); (b) precision 0.01, on the PS1 device; (c) precision 0.01, on the
PS2 device. Green color indicates no error.
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are similar consequences of small modifications in their were no errors up to 0.48 when the motion was to the left,
widths. We do not present the results here, because that isand significant errors from 0.24 upward when it was to the
not the objective of the present paper. right.

Although this method may be adequate to obtain a first ]
indication about the final behavior of the structure, another 5.2 Changes in the PE3 Cycle

representation will allow easier interpretation. This new This sjtuation yields many more differences between the
representation is introduced in this paper. Its aims are totwo types of displacements than the previous one. As one
clarify how the different regions of our simulated devices may see in Figs. 12) and 12b), there are almost no errors
influence the final result. Such information has already when the motion of the hysteresis cycle is to the right.
been partly presented in the previous figures. But this new There is a single error when the two added numbers give
representation gives a more immediate idea about the zoned 0, but there are no errors in any other situation. We have
where the full architecture yields results with some error, as moved the cycle from 0 to 4.9. On the contrary, displace-
well as their evolution. This knowledge will give informa- ments to the left give errors for almost every added pair of
tion needed for corrections in order to cancel the error. In numbers. There are seven different regions. Only from 0 to
addition, this new representation has some dynamical char-—0.3 are there no errors. Larger errors appear when the
acteristics that make it useful for other applications. result is larger than 10.

The representation is based on a certain type of polar A point that needs study concerns Fig(d?2It shows an
coordinates. Different radial axes correspond to different error only for 10 as the final result of the arithmetic opera-
results. We have restricted these values, in our case, to intion. To interpret this situation needs a deeper analysis of
tegers from 0 to 15. Hence, we have 16 radial axes. In thethe operations performed in the full adder and how they are
case when the obtained result is the correct one, the valueaffected by particular displacements of the characteristics.
to be represented should be zero. Other obtained values ardhis will be done in future work.
represented with respect to the correct one. For instance, if ]
the correct result is 7, and the system gives 3, the repre-5-3 Changes in the PS1 Cycle

sented value is 4. If 9 is obtained, the represented value isThere is a significant result in this case. Similar evolution
—2. In this way, it is possible to trace the error evolution appears in the two situations, although for different values
when a particular parameter changes its value. The resultsof the displacement. As may be seen in Figs(aland
for some of the analyzed cases are summarized in Figs.13(b), a certain spiral curve appears. In the motion to the
11-14. left, the curve goes to larger errors for smaller values of the
Figures 11-14 show the whole behavior of the system added number, whereas in the motion to the right it goes to
when some parameters & change. These results are larger errors for larger numbers. Moreover, in both cases,
shown to indicate the possibilities offered by our new rep- zero error occurs only for the correct position of the hys-
resentation. We will present some conclusions drawn from teresis cycle. Any displacement gives rise to errors. There
the obtained figures. But, as we have indicated, the mainare three regions in one ca@eotion to the left and two in
result of our paper is to reveal the potentialities of the the other ondmotion to the righk
adopted method.
We have analyzed four possible changes. They corre-5.4 Changes in the PS2 Cycle

spond to four of the five building blocks to configure #he  Thijs sjtuation is, in some aspects, similar to changes in the
device characteristics. As before, the changes we have conpg3 cycle: almost no errors for displacements to the right,
sidered are displacements of the hysteresis cycle to theand errors for any displacement to the [gftgs. 14a) and
right or to the left of the correct position, maintaining the 14(b)]. In this last case, it is important to point out that
width constant. Some of the obtained results are as follows. errors are now both positive and negative, depending on the
added numbers. If the latter are larger than 4, there are
positive errors in almost every case. If smaller, the errors
are negative. A similar situation to that obtained in Fig.
5.1 Changes in the PE2 Cycle 12(a) appears in Fig. 14). There is error only when the
The results appear in Fig. 11. Figure(@lshows the polar ~ result of the arithmetic operation is 10. This indicates that
diagram when the hysteresis cycle moves to the right, anddisplacements to the right for cycles PE3 and PS2 give rise
Fig. 11(b) when the motion is to the left. The same range of to similar situations. As in the previous situation, this result
variation appears on both sides: from 0 to 1.19. In the first needs further study.
case, the inner circle corresponds to no errors in the total .
result (marked with 0; in the second one, it is the outer © Conclusions
circle (also marked with Dthat does so. Hysteresis varia- A new general method to analyze the influence of small
tions to the right correspond, at certain added numbers, tochanges in device characteristics when inserted in a circuit
final results larger than the correct ones. Changes to the lefthas been presented. The main example considered was the
give smaller numbersindicated by the negative numbers variation of the arithmetic result of a ripple carry adder.
that appear on the plptls interesting to point out that the  Although the method has been applied to that concrete
larger errors correspond to opposite situations in each of theproblem, it may be employed in other situations. Its main
cases. Displacements to the left give larger errors for num- advantage is the possibility of finding which one of the
bers smaller than 10, and displacements to the right give possible variations in the characteristics of some device has
larger errors for numbers larger than 10. Moreover, errors more effect on the final behavior. This influence may de-
are present at different positions of the displacement. Therepend on the intended application. Our case was a SEED in

2380 Optical Engineering, Vol. 40 No. 11, November 2001
Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 09/25/2013 Terms of Use: http://spiedl.org/terms



Gonzalez-Marcos and Martin-Pereda: Method to analyze . . .

——[0}
=4O —1[0.01,024]

|- - -[0.25)
=X — 1026 ,1.19]

== [0, -0.48]

= 8= [.0.49]

—A-[05,-1.19] |
S

Fig. 11 Polar error representation of obtained results for the PE2 device. Radial axes correspond to
the different numbers to be obtained. Radial distances give the error between the correct and the
obtained result for a particular displacement of the device hysteresis. (a) Displacements to the right.
(b) Displacements to the left.

a full adder. If the influence is known, it may be possible to acteristics are less significant. This may have practical con-
compensate errors. As can be inferred from the obtainedsequences. For example, changes due to temperature in a
results, small changes in the characteristics of the employedcertain device may displace its characteristics towards a
devices—SEED devices in this case—alter the obtained fi- particular region. If this region corresponds to the zone
nal arithmetic result. Some particular examples have beenwith green color in the first representation, or to the 0 circle
presented in this paper. Final numerical values changein the secondpolan one, temperature will not be a crucial
when changes occur in the SEED characteristics. Errors canparameter. If possible changes move the device to any other
be compared with correct values in the figures. From the region, temperature will be significant. The polar represen-
polar representation a quantitative indication of these errorstation gives a measure of the importance of error.

is obtained. It determines the more crucial variations where  The reported method, employed together with methods
there are possibilities of getting wrong results, and it indi- previously reported by us to study the influence of small
cates regions where possible variations in the device char-variations in the input signals on the obtained final logic
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Fig. 12 Polar error representation of obtained results for the PE3 device. Same conventions as in Fig.
11.

functions? may be of great utility for studying the behavior to those reported here for a SEED device. In some cases,
of any optical computing configuration. From an experi- for example, there are changes in the current applied to a
mental point of view, the influence of possible changes in laser diode. Such a change, as is known, may affect the
the characteristics of the employed devices may be known.values of some of its internal parameters, including the re-
These changes may be modeled according to similar rulesfractive index. A change in the refractive index alters the
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Fig. 13 Polar error representation of obtained results for the PS1 device. Same conventions as in Fig.
11.

resonant characteristics of the Fabry-Perot cavity, and, as abe conducted with a version of the method reported in this
consequence, changes may occur in the wavelength of thepaper. Another possible case for analysis with this tech-
laser radiation. These changes alter the whole behavior ofnique is the influence of external temperature on the lasing
the communications system based on that laser. Hence, theharacteristics of a laser diode. In this situation, the in-
study of these variations is of great importance, and it may crease of the threshold current with temperature is similar
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Fig. 14 Polar error representation of obtained results for the PS2 device. Same conventions as in Fig.
11.
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to the displacements presented previously for the SEED. 3. ?- Gonid?ez-Mﬁlrcos and J. A. |Mém|:3€pred€' “g?igazlschsagtaicl ggéput
; ; rom an optically processing elemenpt. Eng.35, - .
Moreover, the. metho_d presented_ in this paper may be 4. A. Gonz#ez-Marcos and J. A. Mari+Pereda, “Analysis of irregular
User|_f0r analyzing nonlinear behavior as when these_ typPes  pehaviour on an optical computing logic celiJpt. Laser Technol.
of devices are employed as chaos generators. The different 32, 457-466(2000.
regions that appear and the transitions between them give 5 A. R. Omondi, Computer Arithmetic System®rentice Hall, New
information about the characteristics of transition points. York (1994

This fact deserves further analysis. )
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