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Logic Functions, Devices, and Circuits Based on
Parametric Nonlinear Processes

Luca Biader Ceipidor, Alessio Bosco, and E. Fazio

Abstract—Second-harmonic generation and parametric down-
conversion processes have been studied as the basis of all-optical
logic gates. All possibilities that are obtainable with both the
low and high conversion efficiencies of such processes have been
analyzed here. XOR and AND gates are also experimentally proven
by using 1-ps pulses at 800 nm within a -BaB2O4 crystal,
reaching conversion efficiencies of as high as 80%. Based on
these phenomena, complex algebraic operations are proposed
for performing several different logic functionalities particularly
concerning network switching and arithmetic calculation.

Index Terms—Logic gates, nonlinear optics, optical computing,
second harmonic generation.

I. INTRODUCTION

ALL-OPTICAL signal processing such as demultiplexing,
wavelength conversion, regeneration, and digital algebra

will play a critical role in the development of ultrafast pho-
tonic network architectures. The capability of this technology to
handle a single ultrahigh speed data channel exclusively in the
optical domain without optoelectrical conversions can signifi-
cantly improve the performance of photonic systems in terms
of flexibility, scalability, wavelength management simplifica-
tion, optical components minimization, and cost reduction. To
realize all-optical signal-processing functions, several solutions
have been proposed. Among all, the first realizations were based
on spatial soliton interactions, dragging, and fusion in Kerr non-
linear waveguides [1]–[4] and, later on, in saturable nonlinear
media, e.g., photorefractive media [5], [6]. Even if such con-
figurations are very promising, they present some experimental
limitations that are mainly given by the very high intensity that
is necessary for Kerr nonlinear media and by the relatively slow
dielectric relaxation in photorefractive media. Three main lines
were then followed to overcome such limitations: all-optical
switching 1) using spatial light modulators [7], 2) using semi-
conductor optical amplifiers [8]–[11], and 3) using parametric
nonlinear second-order processes [12]. All-optical processing
via parametric generation was first analyzed by Andreoni et al.
[13]–[15] mainly during holographic second-harmonic gener-
ation [16], [17] (SHG). Following such works, we have ana-
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lyzed all the possibilities of realizing all-optical processing and
logic gates using SHG and parametric downconversion (PDC)
processes. With respect to the previously described technolo-
gies, parametric techniques require much lower energy than that
necessary for Kerr solitons, are much faster than photorefrac-
tive nonlinearity techniques, and, last but not the least, can be
easily parallelized, making them a very promising technology.
Its main limitation is given by the conversion efficiency, which
can be at 100% only in the quantum regime, where the conver-
sion is now digital. In such case, the proposed technology be-
comes very attractive and applicable.

Among logic units, the XOR and AND gates are fundamental
in accomplishing a binary algebra that is useful for various
functionalities, such as packet switching, binary addition and
counting, data encoding, and, more generally, optical pro-
cessing. Following this line, all-optical XOR and AND gates
have been implemented, exploiting second-order nonlinear
processes, such as SHG and optical PDC. In this configuration,
two binary strips, which were encoded by transverse amplitude
modulation, are processed directly bit by bit in an intrinsic
parallel way.

II. BOOLEAN LOGICS BY PARAMETRIC PROCESSES

In the early 1960s, SHG [18] and PDC [19] were well studied,
both in their experimental [20] and theoretical aspects. Recently,
the discovery of photonics structures [21] and new optical mate-
rials [22] has yielded the increase in the efficiencies of nonlinear
processes and stimulated technical research.

We examine here how these processes may be used to create
a completely optical Boolean logic.

The behaviors of parametric interactions such as SHG and
PDC, both in the low- and high-efficiency regimes, are summa-
rized by the notation shown in Fig. 1.

The considered SHG process is actually a type-II SHG, where
two input beams at fundamental frequency (FF) (distinguish-
able by their orthogonal polarizations), interacting through the
second-order susceptibility of a nonlinear crystal, generate a
third channel at the second-harmonic frequency . The pres-
ence or absence of a further arrow in the symbols in Fig. 1
describes whether the process happens under high- or low-ef-
ficiency conditions. In particular, under these efficiency condi-
tions, the two input beams can be present or absent at the output,
with important consequences, as will be explained later on.

In the same way, the considered type-II PDC process consists
of the parametric interaction, which is inverse to the SHG, where
the two input beams are one at FF and one at its second-har-
monic frequency , and generate a third channel at FF (dis-
tinct from the input one by the polarization). Again, according
to the low- or high-efficiency conditions, the second-harmonic
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Fig. 1. Notation: (a) SHG signal has low-efficiency conditions. (b) SHG sig-
nals in high-efficiency conditions, where the dotted line means that, if they are
present, both the inputs and the outputs are depleted. (c) PDC signals in low-ef-
ficiency conditions. (d) PDC signals in low-efficiency conditions with a dotted
line for the second harmonic, which is possibly depleted. The arrows pertain to
the double frequency 2! with respect to fundamentals !. For SHG and PDC,
the reverse symbols are used.

Fig. 2. Logic functionalities: (a) In low-efficiency conditions, the SHG and
and function of the inputs are present at the output on the second harmonic.
(b) In high-efficiency conditions, the SHG at the output of FF are present as
A � B on the first polarization and B � A on the orthogonal one and on the SHG
and and function of the inputs. (c) In low-efficiency-condition PDC, the FF not
present at the input gives the and function of the inputs at the output. (d) In
high-efficiency-condition PDC, the FF not present at the input gives the complex
conjugate of the function of the inputs at the output.

beam can be present or absent at the output. As a notation,
this process is sketched by a pentagon with the apex toward
the left-hand side, and again, the efficiency conditions are rep-
resented by the presence or absence of a further arrow in the
symbol.

Fig. 2 shows that the SHG and PDC processes can perform
logic functionalities. Consider the optical information as bi-
nary, i.e., as 0 (no light) or 1 (light above some given intensity
threshold) bits injected at the input of any of these parametric
processes. Each channel, according to the specific parametric
process and efficiency, experiments on a different logical func-
tionality. Thus, low-efficiency SHG [Fig. 2(a)] realizes an AND

functionality, because the beam is generated only in the pres-
ence of both beams at the input. Consequently, from the log-
ical point of view, the output state (carried by the second-har-
monic beam) will be 1 only if both input states are 1 and will
be 0 otherwise. By notation, we write this as A B , with
the subscript stressing the fact that the output of the AND func-
tionality is carried by the frequency. We find better expecta-
tions at the high-efficiency regime [Fig. 2(b)]. In this case, the
A B is again realized, but now, the input beams A and B

will not propagate unaffectedly to the output as before; they will
carry the signature of the generation process, i.e., their intensity
will decrease. In this case, the output channel corresponding to
the input A state is now in the logic state AB [which means

Fig. 3. Single-operation logic gates: (a) U-I transforms a signal in FF to the
second harmonic. (b) D-I changes a signal that is present on the SHG to FF.
(c) NOT function at the FF. (d) U-NOT gives the negation of the input. (e) OR
function obtained by overlapping two inputs. (f) NOR gives the negation of OR
at the FF. (g) U-AND function gives the and of the inputs on SHG. (h) XOR
function obtained by combining the two output polarizations on the FF of an
SHG in high-efficiency conditions.

A NOT(B)]. Indeed, when A is 0 at the input, the corresponding
output will be 0 independently on B; for A , it will be trans-
ferred unperturbed only if B is equal to 0 and will be forced to
be in the 0 state by the parametric conversion otherwise. The
output of the B channel, by symmetry, will be in the logic state
AB.

The logic processing of PDC is even more interesting. The
low conversion efficiency will always produce the AND func-
tionality in the generated beam because of the simultaneous
interaction of the two channels A (at the frequency) and
B [at the frequency, Fig. 2(c)]. In the high-efficiency regime,
this AND channel will still be present (please note that the AND

output channel will now be complex conjugate); the channel
with the A state at the input will carry the AB at the output,
whereas the B channel, at the frequency, will carry the B
A state at the output, which, in binary code, corresponds to the
unperturbed B state.

Using the described functionalities, eight main logic gates
can be identified using the high-efficiency regimes, as shown in
Fig. 3. Using the SHG process, the UP-IDENTITY (U-I) gate is
obtained, assigning always the 1 level to the B channel (supply
of device power). In such case, the A state at FF will be
transferred to the A (at ) channel [Fig. 3(a)]. Analogously,
the DOWN-IDENTITY (D-I) gate [Fig. 3(b)] is realized by the
PDC process, again assigning the 1 level to the B channel at
the frequency (analogous to a supply of device power). The
A state will be transferred from the to the channel. Going
back to the experimental configuration of the U-I gate, the power
supply channel will experience the NOT gate [Fig. 3(c)], i.e., it
will be in the A state, because it will remain in the 1 state if
A is 0 and will be depleted by the parametric interaction being
in the 0 state otherwise. In the same way [Fig. 3(d)], using the
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TABLE I
AND AND XOR LOGIC GATE TRUTH TABLE

PDC process, an UP- NOT (U-NOT) gate, whose NOT informa-
tion will be transferred to the frequency from the channel
if the supply of power is now ensured in the frequency, can
be realized.

In addition, one more logic gate that however does not require
any nonlinear process can be found: the OR gate [Fig. 3(e)], for
which the output state is 0 only if both inputs are 0 and is 1 other-
wise. From the described point of view, this is easily realized by
just overlapping the two input states. In such a way, there will
always be light at the output (1 level) if light is present at the
input; otherwise, the output is 0. Obviously, the NOR gate can be
obtained by cascading the OR gate with one NOT gate [Fig. 3(f)].

Injecting two different A and B states at the input of an SHG
process, the realization of the UP-AND (U-AND) and XOR gates is
straightforward, as described in Fig. 3(g) and (h), respectively.
The U-AND gate was already described before; the XOR gate is
then realized by overlapping the two output channels AB and
AB. In fact, it is well known that A B AB AB. Thus, the
SHG process in the high-efficiency regime will ensure the si-
multaneous availability of XOR and AND logic functions, which
are the basis of every algebraic operation. In Table I, the XOR

and AND truth tables are reported together, and it is clearly high-
lighted how the simultaneous combination of these gates yields
the binary sum of the numbers encoded in A and B (here, single
bits).

III. EXPERIMENTAL DEMONSTRATION OF

XOR AND LOGIC GATES

The experimental demonstration of the SHG process in real-
izing logic functionality was performed using the setup shown
in Fig. 4. The laser system consisted of an amplified Ti-sapphire
laser providing 2-ps-long pulses at nm, with an energy
of about 500 J at a repetition rate of 1 kHz. A 50% beam splitter
divided the beam into two arms that represent the input logical
states. A half-wave plate (WP) rotated the polarization of one
beam to obtain, after the polarizing beam splitter, two cross-po-
larized beams. The crystal was a -BaB O (BBO) used in a
type-II phase-matched SHG of 800 nm.

The mask used in this experiment was a 3-mm-wide pin-
hole, whose image was reproduced on the BBO crystal by a
1-m-long lens. The BBO crystal was, in fact, put 10 cm far-
ther than the focal plane of the lens, and the mask was put at a
distance of 11 m from that lens. In this way, the pinhole image
was reduced, on the crystal, down to 10% in dimension. The
output logical state, which is encoded on the FF, was separated
from the second-harmonic signal (carrying the AND informa-
tion) by a dichroic mirror and visualized by a charge-coupled-

Fig. 4. Experimental setup: The beam exits from the laser and passes through
the mask, which is a pinhole whose image is formed on the crystal by a long-
focal lens. Then, the beam is divided into two arms by a beam splitter: The
refracted beam passes through a �=2 WP, thus rotating its polarization, whereas
the reflected beam passes through a delay line and is combined with the other
by a polarizing beam splitter. The two beams interact with the crystal, and then,
the FF is separated from the SHG by a dichroic mirror and could be seen in the
camera.

Fig 5. Images of the output states for the logic XOR and AND gates. The 1�1

state is not perfectly 0, as expected, but has a residual power in the range of
15%–20%. Perfectly 0 states can be achieved using flat-top beams or in single-
photon regimes.

device camera. Following the XOR gate’s truth table (Table I), we
demonstrate the possibility of implementing such logical gate
using type-II SHG in high-efficiency conditions. In these con-
ditions, as previously discussed, while the interacting beams are
generating the second harmonic, they will get depleted, yielding
0 at the output.

The depletion of the beams because of the generation
was as high as 80%, which is almost the highest conversion ef-
ficiency that can be reached with Gaussian beams (particularly
considering the extreme thinness of the nonlinear crystal). The
XOR operation was demonstrated to be monitoring the residual
A and B channels at the FF, as shown in Fig. 5(a). When both
input states were 0, the trivial solution 0 was obtained. When
one of the input beams was in the 1 state, the output was ex-
actly that 1 state; when both input channels were in the 1 state,
the beam was generated by depleting the FFs. Due to the in-
complete conversion, a residual light was present in the channel.
The AND operation was instead demonstrated to be monitoring
the second-harmonic channel that is generated only when both
fundamental channels are simultaneously present [Fig. 5(b)].



376 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 26, NO. 3, FEBRUARY 1, 2008

Fig. 6. XNOR gate obtained using two nonlinear processes.

Fig. 7. Two nonlinear processes are also necessary for the NAND gate. In this
way, the NAND gate can be operated (a) at the FF or (b) in upconversion.

IV. COMPLEX LOGIC CIRCUITS

The preceding functionalities and gates are cascaded; thus,
other logic gates or more complex circuits can be realized by just
combining together several processes. In fact, it is well known
that the AND and XOR gates are the basic elements for realizing
a sum operation, which, by its own, is the basic element for
every algebraic operation. Consequently, a full algebra can be
arranged, as well as equivalent photonic circuits that synthesize
complex behaviors in optical commutations, particularly, net-
work switching and routing processes. Please note that the pro-
posed logic gates can be easily cascaded even if the parametric
processes might be phase dependent. In fact, it is well known
that every parametric process is almost phase independent if just
two of the three interacting beams are injected at the input, let-
ting the third one be generated during the nonlinear process, as
is the case for all of the following proposed gates.

A. XNOR Gate

The XNOR operation is given by A B. Following exactly
such calculation, which means cascading together XOR and NOT

gates, the XNOR gate is obtained, as shown in Fig. 6.

B. NAND Gate

The realization of the NAND gate is a bit more complicated
and might be realized using AND and NOT gates. This procedure
however will not preserve the information frequency. In fact, as
shown in Fig. 3, both the AND and NOT gates cross the frequency
between the input and the output, and moreover, the D-NOT gate
(i.e., the down- NOT gate) cannot be realized. Thus, it would
be possible, using the configuration in Fig. 7(b), to realize U-
NAND gates (cross-NAND gates) with one of the inputs at the
frequency but not the pure NAND gate.

Fig. 8. All-optical 1-bit adder: Two inputs and an idler are injected into the
SHG gate; the outputs on the FF are combined, giving the XOR function; and
the output on the SHG is inserted into a personal digital assistant calculating
D-I. The result is an all-optical half-adder.

Fig. 9. All-optical 2-bit adder. The units in the dotted-line box are the same as
that in Fig. 6 (optical half-adder). The rest of the first operation (AND) is shifted
to the left at each calculation step.

The pure NAND gate can be obtained by following a different
logical operation, i.e., by adding together the XOR gate output
and the NOR gate outputs, as shown in Fig. 7(a).

C. 1-Bit Full Adder

It has been shown that high-efficiency SHG can operate like
XOR and AND logic gates. Such gates are indeed the basic op-
erations for performing a binary sum operation between two
digital bits. In fact, every bit-to-bit sum can be obtained by the
XOR operation, which will return 0 if the input bits are at the
same logical state ( and ) and 1 otherwise

. This would correspond to the operation of
a half-adder given then by the XOR operation of each summed
bit. Moreover, there is a carried-over digit that is brought about
by the AND operation: In fact, the sum gives the binary
number 10, where bit 0 is the result of the XOR function ( )
and bit 1 (the carried-over digit) is the result of the AND func-
tion ( ). However, combining together two parametric pro-
cesses, as shown in Fig. 8, a 1-bit full adder can be realized.
In such a configuration, the first parametric process would per-
form A B as well as A B . The XOR result is then carried out
of the adder, and the carried-over supplementary digit is ampli-
fied and frequency downconverted by a D-I logic operation. In
such a way, the outputs of the 1-bit full adder are 2 bits, which
correspond to the adding digit sum and to the carried-over digit
and are completely self-consistent and cascadable. Thus, con-
sequently, to enlarge the number of bits that can be summed,
the procedure just requires the cascading of as many 1-bit full
adders as the number of digits of the summing records (Fig. 9).
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Fig. 10. Logical schemes of (a) multiplexing and (b) demultiplexing circuits
and (c) and (d) their possible optical realizations, respectively.

Let us consider, for example, the sum of 2 numbers coded by
bits. To take advantage of the parallel nature of such opera-

tion, the bits will not be sequentially injected but will be spa-
tially parallelized. The procedure for implementing the parallel
calculation has five operations.

1) Make the bit-to-bit summation of two numbers (the A B
vector).

2) Make the carried-over calculation of two numbers (the A B
vector).

3) Spatially shift the obtained A B carried-over number by
one record toward the higher bits.

4) Make a new bit-to-bit summation of the previously ob-
tained A B and shifted A B numbers.

5) Repeat steps 3 and 4 times until all the carried-over
numbers are added. At the end of the process, the sum is
carried by the last AND step, and the information on the
rest (which is different from 0 only in case of overflow) is
carried by the last XOR.

V. COMMUTATION SYSTEM

Fig. 10 shows the logical schemes of electronic multiplexing
[Fig. 10(a)] and demultiplexing [Fig. 10(b)] circuits and their
possible optical realizations [Fig. 10(c) and (d)]. In the case of a
multiplexer [Fig. 10(a)], the two inputs A and B will be sent to
the output, depending on the logical value of the control signal C
[the output U is indeed given by A B B C, where C stands
for NOT(C)]. The demultiplexer works in a similar way: Input
A interacts in two different AND gates with C and C; it can be
routed in the selected path.

The clear advantage in using the described technology is that
these processes are completely parallel and it is possible to code
multibit information on the section of the beam without in-
creasing the complexity of the network.

VI. ADVANCED CIRCUITS

With the simple circuits previously described, it is possible
to build complex functionalities as, for example, arithmetic
products.

Fig. 11 presents a circuit called the optically controlled adder
(CtA) that can select, depending on a control signal C, the sum

Fig. 11. Optical CtA: (a) Circuit implementation with optical gates, optical
half-adder, and sequential adder, where C is the control signal that can select at
the output the sum of the inputs (if C = 1, then S = A+B) or one of the inputs
(if C = 0 , then S = B). (b) Symbolic representation.

Fig 12. Optical product: Two CtAs are used to make the sums. Two AND gates
control the values obtained from each sum to decide if another one is necessary.
Two prisms are used to shift bits (upper) to the left and (lower) to the right.

of two numbers or one of the two inputs, thus giving a very
simple arithmetic logic unit. Using this element, we will show
the product of two 2-bit binary numbers.

The optical CtA works in this way: The two inputs are A and
B, and C is the control signal, i.e.,

if C

if C

where (++) indicates the arithmetic sum. At the output, we have
the sum or input B, depending on the value of control signal C
(Fig. 12).

The arithmetic product, as shown in Fig. 10, implements the
sequential algorithm given here.

1) The end-right bit of the multiplier is controlled: If it is 1,
the multiplicand is summed to the product.

2) Shift 1 bit to the right of the multiplier and to the left of the
multiplicand.

3) Repeat steps 1 and 2 for the total number of bits.
This corresponds to summing the multiplicand and itself a

number of times corresponding to the value of the multiplier.

VII. CONCLUSION

In this paper, we have developed all-optical high-speed par-
allel solutions for several traditional problems of signal manip-
ulation. We have discussed different gates and combinatory net-
works that are able to manage strips or matrixes of data, which
are binary encoded as intensity modulation, showing how typ-
ical electronic problems can be solved using an all-optical tech-
nology. Indeed, such new solutions may suffer noise problems
as in every nonlinear problem, which may be somehow mini-
mized by very high or very low conversion efficiencies. An ex-
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ample is the use of the single-photon regime, for which the pro-
posed technology can be easily implemented, even with telepor-
tation problems, to give crypto-safe communications (AMDG).
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