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Abstract. A novel implementation method based on the principle of op-
tical interference to realize all-optical logic gates without the need of
nonlinear optical materials is proposed. A general design rule of imple-
menting the logic gates is obtained from the dimensionless intensity dis-
tribution of interference fringes formed by multiple equally spaced slits.
Various designs of logic gates such as NAND, XOR, and so on are
presented. The feasibility of implementing the logic gates and their ex-
emplary applications to edge detection are demonstrated in several
proof-of-principle experiments. System issues are discussed. © 1998 So-
ciety of Photo-Optical Instrumentation Engineers. [S0091-3286(98)03803-3]
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1 Introduction

Optical computing has inherent advantages such as ma
connectivity, fast speed, and freedom from elect
magnetic interference over electronic counterparts. Th
fore, optical computing can be potentially applied to t
fields where electronic computing finds itself either ina
propriate or too time-consuming.1–3 According to their
functionality, optical computing systems can be divid
into two categories: analog and digital ones for special
general purposes, respectively. Recently, the digital o
have been emphasized more because of the advanc
opto-electronic materials, which make energy-efficie
ultra-fast digital switching in the optical domain feasible4

For the realization of digital optical computing, the ve
basic building block is an optical gate capable of perfor
ing universal logic functions, such as a NOR or a NAN
gate. All other functional devices can then be built by e
ploying different combinations of such basic gates.2 To
implement the optical logic gates, various physical mec
nisms which enable switching light with another light ha
been proposed and demonstrated. These mechanism
clude intrinsic optical bistability,5 hybrid self-electro-optic
effects,6,7 hybrid transmitter/receiver combinations,8,9 opti-
cal shadow casting,10,11 image subtraction,12,13 etc.

Another way of realizing optical switches is to shift an
combine optical interference fringes.14 Such an approach
does not require particular encoding for input, and can
employed to generate parallel outputs of multiple log
functions. In these studies, nonlinear optical mater
should be utilized to generate necessary phase chan
which in turn induce the shifting operation of interferen
fringes. In practice, however, these materials may not
satisfactory due to their poor time response and efficien
In addition, different wavelengths are required for inp
and readout beams,14 which may complicate system imple
mentation. In this paper, we propose a novel implemen
tion method which does not require nonlinear optical m
terials nor the shifting operation nor multi-waveleng
Opt. Eng. 37(3) 1011–1018 (March 1998) 0091-3286/98/$10.00
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operation but simply utilizes interference fringes produc
by input signals in the object plane. In fact, the all-optic
logic gates are constructed by employing electronic thre
olding on some specifically designed locations in the obs
vation plane; therefore, nonlinear optical materials are
needed. Note that the phase change in our method re
from the distance difference rather than intensity-depend
index difference. In addition, the logic gate operation
obtained by spatially positioning a thresholding device
stead of relying on nonlinear optical devices. Based on
concept, an optical binary data processor was propose
perform combinational logic functions.15 Here, we extend
to unveil the underlying design principles and demonstr
the realization feasibility and their potential application
We also note that as crossed laser beams illuminate co
dal particles, a diffraction grating can be formed to scat
the beams into certain positions so that optical logic ga
are realized.16 Our work, however, differs in working prin-
ciple and implementation method as will be seen. The
maining paper is arranged as follows. In Section 2 the ba
principle of the proposed logic gates is described. The
sign steps are detailed in Section 3, and some exemp
results are shown. Several proof-of-principle experime
on implementing such logic gates are described in Sec
4. In Section 5, the proposed logic gates are demonstr
for the application of edge detection. The constraints
utilizing the logic gates for general digital computing a
discussed in Section 6. Finally, in Section 7 we conclu
our study.

2 Basic Principle

Schematically shown in Fig. 1 is a traditional optical sy
tem that performs the Fourier transform on which the d
sign and demonstration of the all-optical logic gates to
discussed in the next few sections are all based. A co
mated coherent beam is incident on the object region
cated at the planez5z1 . The Fourier transform of the ob
ject, taken by a lens atz5z2 , is observed atz5z3 when the
1011© 1998 Society of Photo-Optical Instrumentation Engineers
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Fig. 1 Schematic setup of an optical system utilized to implement all-optical logic gates.
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distance (z22z1) and (z32z2) are equal to the focal lengt
of the lensf . AssumeL1 and L2 are the maximum radia
extents of the object and the observation regions, res
tively. The following Fresnel conditions should b
satisfied17:

f @L11L2 ~1!

f 3@
p~L11L2!4

4l
~2!

wherel is the wavelength of the incident beam. The fi
condition describes the paraxial approximation while
other implies that the higher order terms can be neglec
Equally spacedN slits are used as an object. The width
each slit isa, andd is the center-to-center spacing of th
two neighboring slits. The intensity distribution inz5z3
can be expressed as

I N~y!5
a2I 0

~l f !2 S sin a

a D 2S sin Nb

sin b D 2

a5
pa

l

y

f
, b5

pd

l

y

f

~3!

where I 0 is the intensity of light source, andI N(y) is the
intensity variation along they axis atz5z3 . The light in-
tensity I N can be further expressed as the dimension
intensity I N*

I N* ~y!5
I N~y!

I 1
5S sin a

a D 2S sin Nb

sin b D 2

~4!

whereI 15a2I 0 /(l f )2. When the slit widtha is relatively
small as compared with the spacingd, the dimensionless
intensity can be simplified as

I N* ~y!5S sinNb

sin b D 2

. ~5!

Fig. 2 shows the relationships betweenI N* (N51,2,...)
1012 Optical Engineering, Vol. 37 No. 3, March 1998
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and b. It is noted that, from these curves, the followin
relationships which lead to the determination of logic ‘‘1
or ‘‘0’’ are observed:

~1! At the position ofb5pp/26p/M , I N* (N51,2,...)
would havemM numbers of finite values. Each finite valu
of I N* is called levelX, X50,1,...,mM21. mM is given by
mM5@M /2#11, where@ # denotes the integer part of th
division result;M and p are integers. For example, forp
50 and M54, then mM53; namely, I N* curves atb
5p/4 have three finite values of 0, 1, and 2, i.e., thr
levels: level 0 is 0, level 1 is 1, and level 2 is 2.

~2! At the position ofb5pp/26p/M , the value ofI N*
in the X level is defined asI MX , and I MX5((sinX
3p/M)/(sinp/M))2, whereX50,1,2,...,mM21.

~3! At the position of b5pp/26p/M , each finite
~level! value ofI N* composes a finite set ofN. The specific
numbers,N’s, allowed in the set~or level! depends on a
given M . Fig. 3 shows examples of the tree diagram
M54 andM59. The numbers marked in circles are add

Fig. 2 Curves of dimensionless intensity IN* from equally spaced
slits.
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to the levels to which they should correspond. For exam
for M54, p50, the finite valueI N* 52 ~level 2! is contrib-
uted fromN52,6,10,... .

~4! The portion 0<b<p/2 of I N* is assigned as the bas
unit of I N* , which repeats itself everyp/2 period.

The tree diagram can be constructed to illustrate the
lation of M , N, and levelX. It starts with a givenM , and
the total levelmM is then determined. Next, the diagra
continues the fill from the most upper level~i.e., level 0!
which begins with multiples ofM . The numbers in the nex
lower levels are filled by either adding or subtracti
‘‘one’’ from the numbers in the upper level. The tree di
gram then expands downwards until all positive integ
appear. However, any number ‘‘N’’ cannot expand beyond
the mM21 level. Note that the number of levels,mM , and
light intensity at each level are determined for a givenb.
We will hereafter focus on the levelX51 where the di-
mensionless intensityI N* 51 is utilized to represent logic
‘‘1’’, and I N* 50 as logic ‘‘0’’ with appropriate correspond
ing b values.

3 Design of All-Optical Logic Gates

3.1 Design Steps

We designate ‘‘1’’ and ‘‘0’’ to represent respectivel
‘‘ON’’ and ‘‘OFF’’ states of the slits (S1,S2,...,SN). By
switching ‘‘ON’’ and ‘‘OFF’’ of any arbitrary combination
of the slits, different intensity distributions in the observ
tion plane can be obtained. When a detector placed ayd

has an intensity equal to ‘‘I 1’’ ~i.e., I N* 51! and null ~i.e.,
I N* 50!, its output signal is set to ‘‘1’’ and ‘‘0’’, respec-
tively. The ranges of optical power that defines logic ‘‘0
and logic ‘‘1’’ determine the tolerance of positioning a d
tector. The power representing logic ‘‘0’’ is in turn dete
mined by the detector’s sensitivity while the one for log
‘‘1’’ depends on the value ofI N* . If I N* ,1, it is always

Fig. 3 Tree diagrams for M54 and M59.
,

-
feasible to set a lower limit only above which the outp
signal is considered as logic ‘‘1’’. Conversely, ifI N* .1, an
electronic latching or limiting device can be utilized to ho
the output after optical-to-electrical conversion at the le
equivalent to ‘‘1’’. Since the thresholding is performe
electronically in the detection plane, issues pertaining to
utilization of nonlinear optical materials therefore do n
exist. Note that the positioning tolerance of a detector v
ies with the types of logic gate. Generally, one can des
any desirable all-optical logic gates by appropriately cho
ing physical parameters. The design procedures are h
lighted below with the flow chart shown in Fig. 4.

Step 0. to specify functional requirements: the desi
logic gate operations, input signal number (Ni)
and output signal number (No).

Step 1. to decide slit patterns: the set number of equ
spaced slits (G), the slit number of each se
(NG) andM value.

Step 2. to select the focal length of a lens (f ) and light
source’s wavelength~l!.

Step 3. to specify slit widtha.
Step 4. to examine the required Fresnel conditions

described in Eqs.~1! and ~2!.
Step 5. to decide the upper and the lower limits ofd.
Step 6. both Step 4 and Step 5 are used to speci

suitabled for a given logic gate operation.

In Step 1, for simplicity, we always start with one s
number of equally spaced slits, i.e.G51. If the desired
logic operation cannot be obtained, then two sets are u
(G52) where the second set is also equally spaced
with twice the spacing of the first one. In the same wa

Fig. 4 Flow chart of design steps. See the text for each symbol
definition.
1013Optical Engineering, Vol. 37 No. 3, March 1998
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more sets can be used to constitute the desired logic g
The slit number,NG , is determined by the input signa
number, Ni . For an n-input logic gate, at leastn slits
(S1,...,SN) are required. Nevertheless, if the desired lo
gate cannot be obtained for a givenn slits, then additional
reference slits (R1,R2,...) may be added to increase t
number of curves in theI N* plot. It should be noted that in
Step 5 the upper and the lower limits ofd are determined
separately by several factors. The factors include the
width a and the assumption of (sina)/a;1 for the deter-
mination of the lower limit, whereas the upper limit ofd is
determined by the instrumentation resolution. Hence,
upper and the lower bounds ofd for various types of logic
gates may be different.

3.2 Design Examples

In this section, we show some design examples to illust
that all logic gates can be realized by employing the afo
mentioned principle and the design procedure. One
achieve NOT~invertor!, OR, XOR, XNOR, NAND gates
by utilizing one set of equally spaced slits. The design
the first three gates can be achieved by using two slits w
an XNOR gate and an NAND gate require three slits. T
design parameters of these logic gate operations are l
in Table 1 along with their intensity distributions and tru
tables. In the calculation of dimensionless intensity and
sign parameters, the slit width is assumed to be 50mm and
a He-Ne laser is the light source. The optical axis alwa
bisects the slit pattern so that any intensity distribution
symmetric toy50 in the observation plane. The spacin
between two adjacent slits may vary with logic gate ope
tions. The circles on the horizontal axis of the pattern c
umn in Table 1 indicate the detector positions for ea
logic operation. The correspondingb values are also spec
fied. It is apparent that the positioning of the detector is
unique for each logic gate operation. Neither is the amo
of positioning tolerance. For example, as seen from Ta
1, a NOT gate has a smaller positioning tolerance than
OR gate owing to its steeper slope in theI N* curves. It is
also noted that a well-designed all-optical logic gate c
have not only more than two output ports, i.e.No.2, but
also more than one concurrent logic operation. For
stance, as shown in Table 1, a set of two equally spa
slits (d51000mm) can have both NOT and XOR logi
operations at the same location (b56p/2).

4 Experiment Verification of Realization
Feasibility

4.1 Experimental Setup

As shown in Fig. 1, an experimental system was set up
demonstrate the realization feasibility of the logic gat
Expanded light from ans-polarized He-Ne laser was use
to illuminate the slit patterns located in the object plan
The intensity variation across the overall slits was with
5%. The slit patterns were lithographically fabricated a
cording to the design parameters given in Table 1. T
Fourier-transform lens had a focal length of 200 mm.
single-mode optical fiber whose core was small enough
be viewed as an effective ‘‘point’’ detector was used
1014 Optical Engineering, Vol. 37 No. 3, March 1998
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d

collect light. The fiber was then connected to a power me
for optical-to-electrical conversion. The estimated error d
to the discrepancy between the sizable and an ideal p
detectors was less than 5% for the logic gates considere
Table 1. The ‘‘point’’ detector was mounted on
computer-controlled translation stage which had a reso
tion of less than 1mm. The alignment of the detector an
the laser was made by utilizing a precision gauge, and
average angular tilt of less than 0.01 radian was obtain
The electrical output signal was filtered and processed b
dynamic signal analyzer analyzed~HP 35665A!. Other con-
trollable errors that may affect system performance w
either measured or estimated. These errors include the
from lithographic fabrication of the slits (,1 mm), thermal
expansion of the slit substrate~in the range of 0.005 to
0.705 mm/°C depending on which materials were bei
used!, resolution and backlash of the translation stages,

4.2 Experimental Results

According to different values ofd, the logic gates de-
scribed in Table 2 can be divided into three categori
shown in Table 1, on which the experiments were bas
Item I is for the ‘‘OR’’ gate operation, Item II is for the
‘‘NOT’’ and the ‘‘XOR’’ gates, and Item III is for the
‘‘NAND’’ and the ‘‘XNOR’’. Figs. 5 ~a!, ~b! and ~c! show
the experimental results and the calculation results ofI N*
from Items I, II and III, respectively. The experimental r
sults are consistent with the calculated ones, verifying
feasibility of the proposed logic gate operations. The so
triangles shown in the figures mark the detector positio
where desired logic operations occur.

Since parallelism is one of the advantages for all-opti
logic gates, we set up an experiment to examine suc
feature. Two sets of slits of different spacings spacing~250
and 400mm! were placed next to each other, and two log
gate operations were performed simultaneously and in
pendently by separate Fourier-transform lenses of the s
focal length, 15 mm. No crosstalk between the two log
gate operations was observed, suggesting that the prop
system is indeed capable of parallel processing. It is
pected that the extension to two-dimensional~2-D! massive
parallel processing can be realized by utilizing, for e
ample, a pair or more pairs of equally spaced slits an
lenslet array.

5 Application Example: Demonstration of Edge
Detection

Since the optical logic gates are capable of parallel proc
ing, many potential applications can therefore be explor
We now consider one of the applications, namely edge
tection. Detecting the edge is an important and very ba
function in the field of pattern recognition. Many all-optic
and opto-electronic methods such as shadow castin18

polarization-encoded optical shadow casting~POSC!,19 and
so on have been proposed for edge detection. These m
ods generally require multiple light sources and a cod
scheme. In contrast, our method is similar to that descri
in Ref. 14 in the sense that both do not need coding; ho
ever, ours represent a simpler configuration since shift
operation and nonlinear optical materials are not requir
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Table 1 Exemplary designs of all-optical logic gates (a550 mm, l50.63 mm).
1015Optical Engineering, Vol. 37 No. 3, March 1998
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Wang, Chang, and Lin: Novel implementation method . . .
To detect the edge of a binary image input, a ba
building block is schematically shown in Fig. 6~a!. An
XOR gate is placed at the boundary of two image pixe
Only when one of the pixels is bright the output becom
‘‘1’’ and thus completes the edge detection. Fig. 6~b! de-
picts a physical implementation. A simple proof-o
principle experiment was performed to demonstrate the
tection of the edge of two adjacent pixels, each of
38 mm2. Two slits with width 50mm were employed in
the experiment to perform XOR logic operation. The r
sults are shown in Fig. 6~c!. Three cases representing d
ferent combinations of logic inputs were investigated. T
input images shown in the left side of Fig. 6~c! were taken
behind the slits in a way such that both input profiles a
slit patterns could be observed. Shown in the right side
the corresponding interference patterns. The output sig
of XOR gates are marked in rectangles. Only the sec
case, namely with the input of either~1,0! or ~0,1!, shows
an output of logic ‘‘1’’. These results clearly indicate th
feasibility of using the XOR logic gates for the edge dete
tion. Since the interference pattern in the observation pl
is symmetric to the optical axis, there are at least two lo
tions with the same results from the XOR logic operatio
The optical power from these two locations can then
combined to enhance the output signal level as depicte
Fig. 6~b!.

6 Discussion

Although all basic logic gates can be realized by the p
posed optical interference method, several constraints
observed. First, the cascading capability of optical out
from one stage to the next, which is a common issue
most other systems, will pose a limitation because of
inefficiency in energy transport. Most losses occur in b
the object and the observation planes. One way to red
light losses while still maintaining reasonable positioni
tolerance of the detector in the object plane is to incre
the slit width to some extent. Another more effective way
to replace the slits with an array of point sources wh
may be generated by a lenslet array in its focal plane. In
observation plane, the output signal can be increased w
light from the multiple output ports of the same logic fun
tion is collected by, for example, a fiber bundle. Howev
it is expected that the optical logic gates initially may fin
their best applications for those requiring only one-sta
but capable of multiple gates operations. For the appl
tions requiring cascading capability, an optical gain may
required for loss compensation like most other systems

Secondly, since nonlinear optical materials are not
volved in logic operation, the data processing time fro
object to observation planes~excluding input/output time!
is basically equal to the transport time for light to trav

Table 2 Categorized items of Table 1 for proof-of-principle experi-
ments.

Item f (mm) d (mm) Logic Gate

I 200 400 OR

II 200 1000 NOT,XOR

III 200 250 NAND,XNOR
1016 Optical Engineering, Vol. 37 No. 3, March 1998
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over that distance and does not involve any material
sponse time. For example, switching on time of 1 ps
achievable if a lenslet array with focal length of 150mm
and a fast detector array are used. In comparison, sys
employing nonlinear optical or electro-optical materia
may have slower processing time because certain mat

Fig. 5 Experimental and calculated results of IN* for (a) item I, (b)
item II, (c) item III listed in Table 2.
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response time is needed, despite the spatial transport
of light in those devices.

For more general applications other than the static c
ditions just described, spatial light modulators attached
the aforementioned slits with equal width and spacing
the object plane may be applied to change the slit patte
dynamically as input signals. It should be noted that t
input speed would be determined by whatever input dev
are used such as liquid crystal, SEED MQW structur

Fig. 6 (a) 1-D two-pixel edge detection (i5 input, o5output), (b)
1-D edge detection system using XOR gates, (c) experimental re-
sults: left column shows input signals, right column with rectangular
marks shows output signals.
e

s

etc., and is the same for each optical computing schem
Therefore, the overall data processing time of our method
inherently fast.

Finally, since we have successfully demonstrated ed
detection by a simple two-pixel system consisting of XO
gates, detecting the edges of a 2-D nine-pixel image e
ment can thus be inferred. Fig. 7 schematically shows h
a multiple of elementary XOR gates and a lenslet array a
utilized for such detection. Moreover, potential extension
a more practical application which may require, for ex
ample, 5003500 pixels can be realized by utilizing en
abling technologies. Such technologies include fabricati
of gratings, micro-lenses,20,21 stack planar optics,22 and so
on to achieve the desired packaged dimension and ali
ment requirement. By combining both 2-D parallelism an
the inherent fast switching, vast processing capability
expected.

7 Conclusion

An optical interference method for realizing all-optica
logic gates has been proposed and demonstrated.
method is based on the interference patterns resulting fr
different numbers of equally spaced slits. We show that t
dimensionless intensity resulting from one or multiple se
of the slits can be utilized to obtain any desired logic o
erations when detecting locations are appropriately chos
Some design examples to implement such basic logic ga
are demonstrated in Table 1. In addition, the results fro
the proof-of-principle experiments show good agreeme
with the calculated ones, a fact which verifies the feasibili
of building such logic gates. In contrast to convention
all-optical logic gates, the proposed ones have a simp
configuration, and do not require any nonlinear optical m
terials or coding schemes. Although cascading from o
stage of the optical gates to the next may require opti
amplifiers to compensate for losses, these logic gates can
used in applications such as edge detection that need
more than a few successive stages.

Fig. 7 Schematic setup of an optical system utilized to implement
the edge detection of a 2-D nine-pixel image.
1017Optical Engineering, Vol. 37 No. 3, March 1998
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