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Abstract 

Optical implementation of an adder of arithmetic units that processes binary numbers is outlined. Dynamic range 
compression using biasing illumination in beam-fanning geometry as observed in a photorefractive BaTiO,:Fe crystal forms 
the underlying principle of operation. By proper choice of polarization for two input signals, XOR and AND operations are 
realized. These two operations are essentially analogous to SUM and CARRY generation for binary addition. By providing 
shift (only in case of CARRY) and feedback, experimental results for half-adder are obtained. In addition, the technique 
forms a very simple way of implementing ‘original carries’ as required for full-adder. The geometry proposed is simple, 
energy-efficient and can be easily extended to multi-wavelength operations thus achieving spectral parallelism in optical 
domain. 

1. Introduction 

The main motivation for the recent studies on 
optical computing is the increasing interest in devel- 
oping a new parallel computing system capable of 
processing large amount of structured data at high 
speed. An important aspect in the design of an 
optical computation system is the working of an 
Arithmetic Logic Unit (ALU), which performs oper- 
ations like addition, subtraction, multiplication and 
division, etc. Emergence of optical devices based on 
nonlinear Fabry-Perot etalon, liquid crystal light 
valves and photorefractive materials has promoted 
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the application of optics to carry out analog and 
digital operations [l-8]. 

Two-wave mixing [9-131, four-wave mixing 
[14-211 and ring resonator geometries [22-251 em- 
ploying photorefractives are some of the techniques 
which have been widely investigated to develop 
optical processing units that are functionally analo- 
gous to the well-known electronic devices. Recent 
investigations have established beam-fanning, ob- 
served in photorefractive crystals like BaTiO, and 
LiNbO,, as a strong contender for processing and 
computing operations. 

Beam-fanning has been advantageously employed 
for applications such as novelty filtering [26], diode 
and bistable device with erasable memory [27], dy- 
namic range compression [28], optical limiters [29], 
optical image combination [30], edge enhancement, 
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Table 1 

Truth table showing sum and carry operation for one-bit addition 

x Y S C 

0 0 0 0 
0 1 1 0 
1 0 1 0 
1 1 0 1 

-1 L 
XOR AND 

contrast reversal [31], logic operations [30,31], and 
color converter or an incoherent-to-coherent con- 
verter [32], etc. Far-reaching potential applications of 
beam-fanning are thus evolving in the field of optical 
computing. 

Using multi-wavelength encoding and processing, 
parallel generation of CARRY and SUM have been 
demonstrated using four-wave mixing concept to 
implement half-adder [33] and full-adder [34-361. 
Using an electronic-like point-of-view of PR optical 
circuit, we outline a half-adder that uses beam-fan- 
ning phenomenon and handles binary numbers both 
in the input and the output. The authors demonstrate 
the working of a set-up which is simple, energy 
efficient and does not suffer from stringent align- 
ment problem. Such a system can be straightfor- 
wardly extended to multi-wavelength operation thus 
achieving spectral parallelism in the optical domain. 
Generation of ‘original carries’ by the proposed 
method largely simplifies the conventional optical 
full-adder configuration, thereby making the module 
compact. 

2. Principle of operation 

A one bit half-adder adds two binary numbers, 

say X and Y, to produce sum S and carry C as 

XOR 
A=OOlOl-S1=01100 

XOR 
=--s52=01110 

B=OlOOl ‘AN; Cl=00010 
*AND 

= c2=00000 

Fig. 1. Multi-bit CARRY and SUM generation using half-adder. 

Carry Cl and C2 are shown after providing one-bit left shift as 

required during feedback for half-adder operation. 

shown in Table 1. It is concluded that sum S and 
carry C are related to the inputs X and Y by binary 
logic operations of XOR and AND, respectively. To 
carry out the addition of two binary numbers, say 
A = (00101) and B = (OlOOl), following the proce- 
dure of a truth table for half-adder, a sequence of 
stepwise addition is performed (Fig. 1). In the first 
step, XOR operation leads to sum Sl = (01100) and 
AND operation with one left-shift in the bit string 
leads to carry Cl = (00010). In the second step, A is 
replaced by Sl and B is replaced by Cl to yield 
sum S2 = (01110) and carry C2 = (00000). For ad- 
dition of any two binary numbers the same proce- 
dure is adopted till the carry string becomes zero. 
Whence, the final sum is obtained and further itera- 
tions do not affect the results. 

To implement this half-adder optically, a nonlin- 
ear optical device is required to perform parallel 
optical operation of CARRY and SUM. In the pre- 
sent work, use of beam-fanning is investigated to 
simulate such a processor. Beam-fanning effect, a 
characteristic feature of photorefractive crystals, is 
relatively strong and thus well observable in materi- 
als with high two-beam coupling gain like ferroelec- 
tric oxides such as BaTiO, and LiNbO,. Dual chan- 
nel phenomenon using beam-fanning forms the un- 
derlying principle of operation. Dual channel phe- 
nomenon using beam-fanning yields two ports (see 
inset in Fig. 2a); beam-fanning port [Tl] in which 
image information is filtered out using lens-pinhole 

Fig. 2. (a) Plotter output showing temporal decay and rise of intensity in channel T2 and Tl respectively. At saturation TZ yields logic 0 and 

Tl yields logic 1 after thresholding at Im (b(i)) Truth table showing output Tl obtained when both A and B are colhnearly incident with 
e-polarization. (b(ii)) Plotter output showing the variation in the intensity at channel Tl when A, A + B and B are inputs corresponding to 

(b(i)) (contrast ratio (logic l/O) = 0.81). (c(i)> Truth table showing output T2 obtained when A is e-pohnized and B (o-pohuizad) acts as 

incoherent erasure beam. (c(n)) Plotter output showing the variation in the intensity at channel T2 when A and A + B are chosen as the 

inputs corresponding to (c(i)) (contrast ratio (logic l/O) = 0.85). 
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arrangement, and transmitted beam port [T2]. Optical 
information in these channels is complementary to 
each other. In a very high-gain crystal such as 
BaTiO,, almost the total intensity can be diverted in 
the beam-fanning direction. Fig. 2a shows the output 
intensity graph recorded using an on-line plotter. The 
graphs respectively correspond to rise and decay of 
the intensity in the ports Tl and T2. When the 
beam-fanning is high, the output can be binarized 
(Fig. 2a) to yield a logic value 1 at the beam-fanning 
port and logic value 0 at the transmitted beam port. 
In BaTiO,, by selecting an extraordinary polarization 
inside the crystal and a proper choice of the orienta- 
tion of the crystal, beam-fanning is optimized to 
result in almost total depletion of the transmitted 
beam. 

Beam-fanning under biasing illumination has been 
a subject of interest for some time [37,38]. BaTiO, 
crystal due to its large electro-optic coefficient (rh2 
= 1640 pm/V) contributes to the energy transfer 
process only in the case of extraordinary (e) polar- 
ized beam. Beam-fanning due to ordinary (0) beam 

. . 
is almost negligible where rdb2 is under-utilized. 
Based on this phenomenon, first an e-polarized beam 
is used to create the noise gratings and establish 
beam-fanning to its maximum value and then a 
second beam of light (o-polarization or incoherent 

beam) is used to erase the noise gratings in the same 
region. The e-beam which traverses this region, gets 
transmitted through the crystal without undergoing 
scattering because the noise gratings responsible for 
fanning have been erased. As a result, in presence 
(absence) of an erase beam, the transmitted (beam- 
fanning) portion may project the image of the signal 
in the output plane by means of an imaging system. 
This is summarized in Fig. 2b(i). The truth table 
obtained using different combinations of intensity 
levels in A and B shows that the output is equivalent 
to an AND logic gate. Fig. 2b(ii) shows the plotter 
output corresponding to change in transmission 
of beam A (e-polarized) when erasure beam B 
(o-polarized) is switched on and off. 

Now consider the case when two e-polarized 
beams are collinearly incident on the crystal 
(Fig. 2c(i)). Since both beams are incoherent but 
e-polarized, they mutually compete to fanout from 
the common region of incidence. As is clear from the 
plotter output (Fig. 2c(ii)) for this case, proper 
thresholding at the output leads to generation of 
logic 1 and 0 values with clear discrimination. 
Fig. 2c(i) also shows the truth table corresponding to 
this geometry of operation which is equivalent to 
XOR operation. On comparing truth tables of Figs. 
2b(i) and 2c(i) with Table 1, it is seen that Tl and T2 

Fig. 3. Experimental arrangement based on beam-fanning geometry for parallel generation of SUM and CARRY. (VA - variable attenuator: 

MO - microscope objective; CL - collimating lens; AP - aperture; A, B - input masks/SLMs; BS - beam splitter; L, LI, L2 - imaging 
lens.) 
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are respectively equivalent to SUM (S) and CARRY 
(C) operations. This forms the basis for the present 
experimental study. 

3. Experimental details and results 

Fig. 3 shows the set-up where a 0” cut BaTiO, 
crystal (measuring 5 X 5 X 6 mm3> is configured in 

beam-fanning geometry to realize dual channel out- 
put. The crystal is oriented such that the normal to 
the crystal makes an angle of 55” with the optic axis 
(z-axis) and large beam-fanning is assured. Two 
He-Ne lasers operating at h = 6328 A with power 
outputs of 10 and 8 mW are employed. Using vari- 
able attenuators (VAs) and half-wave plates, the 
power levels in both the beams are made equal with 
required polarization. Beams are collimated to a 

(a) 03 

P3 P2 Pl 

Cl 

1,: 

P1 P3 P2 PI 

. 

0 I I 

Pr, P3 P2 PI 

Fig. 4. (a) Experimental results obtained for Sl 11 1001, Cl [OOOll, S2 [l 1101 and C2 [OOOO] (Cl and C2 are carries obtained in channel T2 

without one-bit left-shift). (b) ‘Profiles’ output corresponding to the results shown in (a> (PI to P4 are bit positions). 
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diameter of 1.5 cm to illuminate masks (SLM for 
real-time operation) A and B. Beamsplitter BS com- 
bines these two signal channels in one direction 
(z-axis). Lens L further images this combined infor- 
mation on the crystal. Use of a cylindrical lens for 
imaging makes the system more energy-efficient. In 
the input sets A and B, each bit writes an indepen- 
dent PR index grating, thus bits can be either coher- 
ent or incoherent to each other. The important factor 
is that the bits should be spatially separated inside 
the PR media so that cross-talk is eliminated. For 
this, bit information in A and B is so arranged that 
they form a vertically aligned string of bits in the 
crystal. Logic 1 and 0 are respectively represented by 
the presence and absence of power at the binary 
coded bit position. Each imaged bit now acts as an 
independent channel and fans out to yield beam-fan- 
ning which is unaffected by the presence of other 
bits. It is interesting to note that in this configuration 
the cross-talk is completely eliminated. 

Owing to high two-beam coupling in BaTiO, 
crystal, beam-fanning is significant and most of the 
power is directed in the beam-fanning direction leav- 
ing very low power output in the directly transmitted 
beam. When only channel A (e-polarized) is opened, 
the power in the directly transmitted signal was 
measured as 6 pW, while that of fanned beam was 
85 p,W. At this stage when channel B (e-polarized) is 
opened, the beam-fanning power decreases to 8.8 
pW which leads to a contrast ratio (logic l/O) of 
0.81 for SUM output. Similarly, keeping signal A as 

i 
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w 
lo 

a 
-I 
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r --w-1 

e-polarized and B as o-polarized, a contrast ratio of 
0.85 is achieved for the CARRY output by measur- 
ing the power level in the transmitted beam. 

The experimental results for SUM and CARRY 
obtained for addition of 4-bit input signals A and B 
are shown in Fig. 4a. The results shown are obtained 
using a CCD camera which is connected to an image 

processing system. Image-Vision Package (Matrox 
Electronics Systems Ltd. USA) is used to grab the 
images to form frame buffer copies, on which post- 
processing can be performed. For our results, to 
obtain the contrast ratio between logic 1 and 0, 
‘profiles’ operation has been performed using 
VISINT (image processing interpreter). Fig. 4b shows 
the real-time profiling (achievable at a rate of 15 
MHz), for the intensity distribution corresponding to 
the results in Fig. 4a. The profile here is the density 
of the pixel values in each row/column of an image 
and is generated by adding all pixel values in each 
row/column. Results shown have been recorded 
without performing thresholding/binarization. For 
making binarization to be an effective technique to 
improve the results, it is essential that the threshold- 
ing value is properly chosen and spot fanout is as 
uniform as possible which can be made possible by 
using a 45” cut BaTiO, crystal, by increasing:the 
input intensity content or by using a shorter wave- 
length. In the procedure adopted here, Sl, Cl and 
finally 52, C2 are calculated stepwise with the 
switching time being approximately 20 s using the 
half-adder technique described before. The required 

Fig. 5. Schematic arrangement showing a half-adder employing two crystals in beam-fanning geometry for parallel generation of SUM 

CARRY (#l and #2 are photorefractive crystals). 

and 
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left-shift has to be provided while CARRY is fed gratings. Although, this configuration results in un- 

back into the input channel. derutilization of crystal’s dynamic range. 
For practical purposes it is imperative that both 

SUM and CARRY are calculated simultaneously. 

Fig. 5 is an alternate scheme that employs two 
crystals to yield final SUM and CARRY in parallel 
following simultaneous stepwise feedback for both. 
Configurations suggested in Figs. 3 and 5 can be 
straightforwardly extended to multi-wavelength op- 
eration. Here every bit in the input string can be 
represented by different wavelength illumination. In- 
formation in the form of binary coded data can be 
again represented by the presence and absence of 
power at discrete wavelengths. Since the illuminating 
channels carrying the bit information can be incoher- 
ent to each other, the channels can as well be 
illuminated by different wavelengths. The only re- 
quirement is that the crystal should be able to pro- 
duce beam-fanning in the selected wavelength range. 
Also, the configuration is such that all the channels 
of the input signal are spatially separated inside the 
medium, so they neither interfere to produce cross- 
talk nor result in mutual erasure of beam-fanning 

A concerning feature of the full-adder circuit is 
that to obtain the ‘secondary carries’, the ‘original 
carries’ have to be calculated beforehand. In FWM 
geometry [35], to meet this requirement all incidence 
angles for the ‘original carries’ have to be calculated 
using the Bragg condition. This problem aggravates 
when the data size increases. Also, one FWM set-up 
to evaluate ‘original carries’ and two Mach Zehnder 
interferometers (MZI) are required to obtain the final 
sum. The problem can be simplified by exploiting 
the method shown in Fig. 3. An alternate configura- 
tion is suggested as shown in Fig. 6 where both 
‘original carries’ (A and B) and (A XOR B) are 
simultaneously implemented using single-crystal 
beam-fanning configuration. By using a feed-back 
loop along with a smart spatial light modulator (SLM) 
to provide the required one-bit left-shift, the ‘sec- 
ondary carries’ (C,) string is generated. Using ‘origi- 
nal carries’ (C,) as one input beam and combining 
inputs A and B as the other input beam (A or B), C, 
are obtained using AND operation in beam-fanning 

SHUTTER 

A- 
(e) 

Fig. 6. Conceptual model showing the full-adder employing beam-fanning arrangement for generation of secondary CARRY CC,). A 

feedback loop along with smart SLM provides the required one-bit left-shift. C, and (A XOR B) are combined in Mach Zehnder 
interferometer arrangement to yield final SUM by using XOR operation. ‘Original CARRY’ (A AND B) and (A XOR B) are 

precalculated using beam-fanning as described for half-adder. 
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geometry. Note that ‘secondary carries’ generated 
are reinjected collinearly with the C, string to yield 
final C, after providing one left-shift everytime for 
required number of iterations. C, and (A XOR B) 
can further be combined using the usual MZI set-up 
to yield the final SUM. Beam-fanning set-up for 
full-adder thus simplifies the geometry as well as 
relaxes the input energy requirement. This makes the 
system capable of functioning with very low power 
lasers also. In the present case, where only a single 
beam imaging geometry is considered, spacing be- 
tween the bits remains the only consideration which 
in turn is limited and defined by the crystal’s dy- 
namic range. Noise due to scattering and Bragg 
mismatch is completely eliminated in this mode of 
operation. With respect to these constraints, as 
pointed out earlier [33], hundreds of spectrally paral- 
lel bits can be accommodated within a single pho- 
torefractive crystal. 

Another major concern is the speed of operation. 
BaTiO, with its high gain is ideally suited for this 
application based on beam-fanning but the slow re- 
sponse time of the crystal makes it incompatible for 
a high-speed optical processing system. Recently in 
photorefractive semiconductors (e.g. iron-doped InP 
with an applied dc field of 12 kV/cm) a TWM gain 
coefficient upto 17 cm- ’ at A = 1.064 pm has been 
obtained [39]. With high TWM coefficients fanning 
effects are then observable in 1nP:Fe as in ferroelec- 
tric oxides, but at faster rate. Suitability of such PR 
semiconductors, using beam-fanning for adder appli- 
cation, forms the future area of research. 

4. Conclusions 

The results show that the geometric configuration 
based on beam-fanning enables easy and energy-effi- 
cient method of generating SUM and CARRY re- 
quired for implementing half-adder and full-adder. 
Experimental results for half-adder operation on two 
input signals are presented which are obtained with 
good contrast and reproducibility. The use of 
collinear incidence of inputs and the fact that the 
results are not affected by crystal orientation makes 
the working of adders very flexible. Beam-fanning 
which is observable at low input intensities also, 
makes the set-up capable of operating effectively 

even with low power lasers. In addition, ‘original 
carry’ generation as well as XOR operation can be 
implemented using beam-fanning geometry. This 
simplifies the configuration of an optical full-adder. 
Real-time and parallel processing of input signals 
can be made possible using half-adder geometry 
employing two crystals as mentioned in the text. The 
contrast ratio (logic l/O) obtained in case of both 

SUM and CARRY is very suitable for practical 
applications. Binarization of the results will further 
improve the contrast. However, BaTiO, being a slow 
crystal, has limitations for high speed operations. 
The realistic future of such adders rests on attaining 
a fuller appreciation of the basic physics of the PR 
effect and to tailor them for specific area of applica- 
tion. 
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