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We propose an optical Boolean function generator based on an electro-optical nonlinear feedback loop.
Theoretically, all possible Boolean functions with optical input and output can be implemented by passing
through enough iterations. By changing the control signal, the optical circuit can be configured to any
desired Boolean function without adjusting the physical setup. Optical components with high bandwidth
can improve the computing speed markedly. The impact of noise on the system is considered in detail. The
results show that a substantial number of reliable Boolean functions can be obtained in the presence of
noise contamination. Compared with traditional optical digital computation systems, the proposed scheme
exhibits a huge advantage in multifunctional computing and flexible configuration.
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I. INTRODUCTION

Traditional electric computation seems to be squeezing
out its potential with the failure declaration of Moore’s law
[1,2]. As the requirement of data processing rapidly grows,
electrical computation might be confronted with chal-
lenges in the future. Optics, with the nature of broad band
and parallel processing, has gained considerable attention
in various aspects [3–5]. Therefore, increasing interest is
given to seeking an alternative computation system real-
ized by the optical method [6–8]. Numerous scenarios
based on an optical mechanism have been put forward in
recent years.

Most of these optical schemes can be cataloged into
two main groups, namely digital computation and analog
computation. Following the development track of electri-
cal digital computers, various implementations of optical
transistors and optical logic gates are investigated. Among
these, making use of optical nonlinear effects to imple-
ment an optical transistor is a popular issue. In Ref. [9],
the direct control of a strong optical signal by a weak opti-
cal signal was proved to be feasible in optical material.
Taking advantage of the nonlinear effect in optical fiber,
the idea that combines optical logical operation and com-
munication has aroused the interest of some researchers
[10]. A semiconductor optical amplifier, as a potential
candidate for optical gates, is attractive in optical com-
putations [11–14]. By fully exploiting its inherent cross-
phase modulation, cross-gain modulation, and four-wave
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mixing, several fundamental logical gates can be acquired.
However, through these methods, only few simplistic com-
binatorial logic functions or finite-state machines can be
accomplished. Moreover, to perform a different logic oper-
ation, a physical reconfiguration is usually required. This
can harness the complexity of implementing an optical
computation system.

Using optical analog systems to execute some specific
calculation tasks is another method leading to optical com-
putation. Optical lens organized to acquire the fractional
Fourier transform or others have been widely investi-
gated on the basis of a 4f system [15,16]. Combining a
phase modulator (PM) and dispersive media, an identical
function can be attained in an optical fiber system [17].
Recently, a further study revealed a scheme of an optical
time-domain stretcher, which is constructed by a similar
setup [18]. Besides various optical transformations, the
physical implementations of a neural network by virtue
of optical systems have attracted growing interest. Based
on the time-delay optical chaotic structure, the concept
of reservoir computing is proposed, which can be used
to improve the transmission performance of optical fiber
communication [19–23]. Reference [24] demonstrated a
fully optical scheme to implement general deep neural-
network algorithms by cascading Mach-Zehnder interfer-
ometers in a silicon integrated circuit. However, under the
effect of accumulated noise in cascaded stages or feedback,
the practical application of analog optical computation
still faces big challenges [10]. In brief, studies on opti-
cal computation, whether using analog or digital methods,
have many problems to solve yet.
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Recently, Kia et al. provide another view to ele-
vate the computing ability of electrical nonlinear systems
[25,26]. Utilizing the ergodicity, nonperiod, and initial-
value sensitivity properties [27–29], an electrical chaos
system can generate a tremendous number of Boolean
functions through mapping the Boolean input and con-
trol bit onto an initial value. Since different control signals
project the input bits onto different initial states, outputting
various Boolean functions can be possible through ampli-
fying the difference of initial values under the participation
of nonlinear chaotic iterations. Nevertheless, there might
be some challenges when it is extended to realize a faster
calculation task. Firstly, most of the electrical nonlinear
components operate at a relatively low-frequency range,
which can not deal with the requirement of robust fast
computing. Secondly, a fast precise mapping from multiple
input bits to analog values is needed. In Ref. [25], this pro-
cess is performed by a high-resolution DAC. However, a
DAC with both high operation frequency and high resolu-
tion is always costly and difficult to implement. Moreover,
chaos circuits are super sensitive to initial values, which
imposes a restriction requirement on the accuracy and sta-
bility of mapping. The DAC is replaced by an averaging
circuit in Ref. [26], but a combinational logic circuit com-
posed of electrical XOR gates is used, which might affect
its performance.

An optical scheme is usually used as a solution for
applications with the requirement for high-speed signal
operation. Therefore, establishing this computing scheme
in optical field is an attractive idea. It is stated that
any desired complex optical waveform can be performed
by time-domain multiplane light-conversion technology,
which consists of a recirculating loop, including a PM
and a fiber Bragg grating (FBG) [30]. The output wave-
form is determined by the detailed driving signal of
a PM. Meanwhile, optical chaotic systems based on
a PM and FBG can exhibit complex dynamic proper-
ties [31,32]. Inspired from these phenomena, it might
be a promising supposition to implement a controllable
optical Boolean function generator by PM and FBG
structure.

In this paper, we propose a reconfigurable optical
Boolean function generator based on an optical nonlinear
iteration loop. Due to the intrinsic broadband properties
of photonic devices, a high-speed output can be obtained.
Different from the electrical methods, a serial waveform is
adopted as the input. Thus, the requirement of precise input
coding can be avoided. The desired Boolean function is
selected by changing the form of nonlinear iteration, which
is directly determined by the serial control bits. Through
choosing the corresponding control signal, the Boolean
function can be rewritten as expected. After adequate non-
linear iterations, finally all possible multi-input Boolean
functions can be achieved in a system without changing
the physical configuration.

II. PRINCIPLE

Considering an N -bit input one-bit output Boolean func-
tion, there are 2N combinations of input data when each
input only takes binary value. The total number of attain-
able Boolean functions is 22N

as a different one can be
acquired through reversing its output state. For instance,
two binary inputs can combine four conditions: (0, 0),
(0, 1), (1, 0), and (1, 1). The output can be 0 or 1 for each
input combination. Hence, 222

distinct Boolean functions
exist in theory.

As depicted in Fig. 1(a), a nonlinear feedback circuit
under external control is designed as the generator to
obtain a reconfigurable Boolean function. Accordingly, the
information flow needs to go through three stages, namely
coding, nonlinear iteration, and decoding. In the coding
process, the paralleled Boolean input is converted into
N -bit serial sequence. Then the sequence is sent to the
optical nonlinear circuit as the initial state of iteration. If
g(.) denotes the transformation of nonlinear iteration, this
process can be described by Eqs. (1) and (2):

output(l) = g[input(l − 1), control(C0, C1, . . . , C2N −1)],

l = 1, 2, 3, . . . , (1)

input(l) = output(l), (2)

(a)

(b)

FIG. 1. (a) is the fundamental frame of proposed optical
Boolean function generator; (b) shows a typical illustration for
iteration process. The nonlinear function g(.) treats the whole
segment of waveform with duration of NT as input. Here, N
denotes the number of input Boolean bits and T represents the
duration time of unit pulse. After the delay induced by feedback
ciruit, the output of g(.) will be the input for the next iteration.
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where l represents the number of iteration times. control(.)
represents a gallery containing 22N

different analog control
signals, which is selected by setting different control bits
C0, C1, . . . C2N −1. input(l) is the optical incident signal at
the lth iterating, input(0) denotes the serially injected opti-
cal Boolean input. output(l) is the output signal at the lth
iteration. The output of the current iteration is the input sig-
nal in the next cycle. The obtained equations are similar to
the discrete chaotic iteration equations, where a segment
of waveform instead of a single value is used as the ini-
tial input. Figure 1(b) shows an example illustrating the
iteration process.

A segment of analog waveform determined by the
binary control bits is served as the control signal of the
nonlinear circuit. In other words, the control bits influence
the system output through changing nonlinear transfor-
mation g(.). For specific control data, the control signal
remains the same in each iteration. Finally, a decoder is
used to transform a segment of output waveform to a
Boolean value.

Compared with the electrical methods, a serial wave-
form, rather than a precise initial state, is used as the input.
Therefore, the accurate mapping procedure is not in need.
In order to distinguish the achievable Boolean functions,
a control signal of 22N

different states is required. Con-
trol signal is used as an independent driving source of
nonlinear iteration. By changing control signal, a differ-
ent nonlinear function is applied to the input signal as
indicated in Eq. (1). Different from electrical methods, a
control data matches a Boolean function through varying
nonlinear iteration equation. Theoretically, the mapping
between analog driving waveform and control bits can
be arbitrarily chosen. Therefore, a flexible configuration
of control signal can be adopted according to the occa-
sions. Under the fast response frequency of optical devices,
high-speed computing can be achieved.

III. SYSTEM SETUP

Based on the principle above, a typical structure of the
proposed scheme is depicted in Fig. 2. The optical Boolean
input is obtained through modulating the light emitted
from the directly modulated laser (DML) by input bits with
bitrate f . An acoustic-optic modulator (AOM1) is applied
to turn off the direct current light from the laser after the
initial stage. The mathematical model of this process can
be simply expressed by the following equations:

Einit(t) = A(t) exp(j ω0t + φ0), (3)

A(t) =
{

aBn, nT ≤ t < (n + 1)T
0, otherwise , (4)

where Einit is the output optical signal, ω0 denotes the
frequency of DML and φ0 is the constant phase shift.

FIG. 2. System setup of proposed optical Boolean function
generator. DML, directly modulated laser; AOM, acoustic-optic
modulator; OC, optical coupler; PM, phase modulator; FBG,
fiber Bragg grating; PD, photodetector; MZM, Mach-Zehnder
modulator; rf, radiofrequency amplifier; LD, laser diode.

A(t) is the modulation signal with amplitude a, which is
determined by input bits {Bn}, where n = 0, 1, . . . N − 1.
T represents the duration times of unite pulse, equal-
ing 1/f .

Then the generated optical signal is injected into the
nonlinear feedback loop through a 50:50 optical coupler
(OC). The feedback loop is made up of two parts, the
first including a PM, an FBG, a photodetector (PD2) and
the other mainly consisting of a Mach-Zehnder modula-
tor (MZM). After once transmission from PM to MZM,
one nonlinear transformation completes. The first iteration
starts after the injection of Einit(t). PM receives this seg-
ment of optical signal and adds the control signal on its
phase. Passing through the whole loop, a portion power of
this segment of optical signal is coupled to the decoder,
then outputting the result of the first iteration. The other
is used as the input in the next iteration. Through the PM,
this segment of sequence is phase modulated by the same
control signal continuously during iterations. The control
signal x is generated by control bits and used to drive the
electrical port of PM. AOM2 is inserted in the feedback
circuit to determine the loop on-off. By properly setting its
modulating signal, precise control of loop iteration times
can be established. The output optical field E2(t) can be
given by

E2(t) = E1(t) exp
{

j πm1x
[

ceil
(

t − lτ
T

)]}
,

lτ < t ≤ lτ + NT, (5)

E1(t) = Einit(t) + Efeed(t). (6)

Here, ceil(.) denotes the nearest integer larger than or equal
to the variable, m1 is the modulation depth of PM, l indexes
the current iteration time, and NT represents the duration
of the optical Boolean input Einit(t). τ is the delay time of
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the whole feedback loop, which should be larger than NT
to ensure the independence of each iteration. E1(t) denotes
the optical field of incident light of the PM, which is equal
to Einit(t) at the initial step (l = 0) but replaced by the feed-
back light Efeed(t) at the beginning of iterations (l ≥ 1).
Under the same control condition, Efeed is phase modulated
by the same segment of control signal x.

After phase modulation, the obtained optical signal is
then sent into a dispersive media, which is performed by a
FBG. The FBG is used to implement the phase modulation
to intensity modulation conversion of the phase-modulated
carrier [33], where its transfer function in the frequency
domain is described as

H(ω) = exp
[

j
d
2
(ω − ω0)

2
]

, (7)

where d denotes the dispersion value.
The output optical field of FBG can be written as E3 =

E2(t) ◦ h(t), where “◦” denotes the convolution operation
and h(t) corresponds to the time-domain expression of
H(ω). Sequentially, the optical signal is captured by a
photodetector (PD2). The output electrical signal can be
expressed by

x2 = ∣∣[E2(t) ◦ h(t)] × [E2(t) ◦ h(t)]∗
∣∣ , (8)

where “∗” denotes the complex conjugate operator. PM,
FBG, and PD2 form an optical transform, through which
the control signal is mixed with the input waveform and
participates in the iteration process.

The detected signal x2 is amplified and modulated onto
another light wave with an MZM, which completes the
optical feedback loop. The process can be expressed by

Efeed(t) =
√

P cos[πm2x2(t) + φbias] exp(j ω1t + φ1), (9)

m2 = γα

Vpi
. (10)

P is the average power of the light generated from laser
diode (LD), ω1 is the angular frequency, and φ1 is the
initial phase of optical carrier. m2 describes the modula-
tion depth of MZM. γ and α represent the responsivity of
PD2 and the gain induced by rf amplifier, respectively. Vpi
denotes the half-wave voltage of the MZM and φbias is the
bias phase. The electric input of MZM is amplified by the
rf, which means that the amplitude of the input can span
one or several Vpi of the modulator’s transfer function.
Therefore, MZM is working in its nonlinear region and
can be seen as a nonlinear noninvertible transformation
[34]. Through adjusting the modulation depth of MZM,
the degree of nonlinearity can be freely adjusted. After
numerous iterations, this optical nonlinear feedback loop

can exhibit chaotic behavior and generate infinite states in
theory.

The last part of the system is the decoder. The resulted
optical signal Eo(t) split from OC is converted into electri-
cal signal x3 by PD1. Then x3 is delivered to the decoder,
which consists of a sampling module and a decision circuit.
The decoding process can be described by

xo(l) = x3

(
lτ + NT

2

)
, (11)

o(l) =
{

0, xo(l) ≤ xth
1, xo(l) > xth

. (12)

xo(l) indicates the obtained real value after sampling at the
lth iteration. By comparing with the threshold value of the
decision circuit xth, the state space is partitioned into two
parts. Finally, a Boolean state o(l) outputs.

The whole system can be cataloged into three parts
according to the principle. DML is used to convert elec-
tric logical input into an optical waveform, performing
the coding function. The decoding process is implemented
through a PD and one-bit comparator circuit. The nonlinear
iteration contains a two-level optical transform, where the
first level corresponds to Eqs. (5)–(8) and the second level
corresponds to Eqs. (9) and (10). Control signal, as an inde-
pendent driving source, determines the detailed nonlinear
transform applied on the Boolean input. In our scheme,
multilevel control waveform x is produced from the binary
control bits. In order to generate 22N

segments of differ-
ent control waveforms with 2N control bits, we define the
format of the control waveform firstly. Here, one segment
of control waveform is composed of N pulses, which can
be denoted by {x(0), x(1),. . . , x(N − 1)}. Then construct-
ing an M × N matrix, the 2N control bits are filled into
the matrix, and the values of the remaining elements are
assigned as constant 0 or 1. M is calculated as Eq. (13) to
make sure that M × N ≥ 2N . If Sm represents the element
from the matrix, the projection process can be described by
Eq. (14). Then, M elements in each column of the matrix
are mapped onto one pulse, and the mapping rule is defined
by Eq. (15). Equation (15) means that the weights of the M
elements are different. As a result, there could be 2M pos-
sible states for each pulse x(n), which form a multilevel
waveform. According to Eqs. (13) and (14), there are 22N

different possible shapes for the whole control waveform.
Thus, 2N control bits are rearranged to N pulses, and 22N

states of the control signal are obtained.

M = ceil(2N /N ), (13)

Sm =
{

Cm, m < 2N

0, m ≥ 2N , (14)
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FIG. 3. Generation of control signal from control bits for 4-bit
Boolean input.

x(n) =
(n+1)M−1∑

m=nM

2m−(n+1)M Sm, n = 0, 1, 2, . . . , N − 1.

(15)

To illustrate this scheme more clearly, we use a 4-bit input
Boolean function as an example, namely N = 4. As shown
in Fig. 3, its 16 control bits are rearranged to a 4 × 4
matrix. After the weighting and superposition operation
according to Eq. (15), which can be established by con-
ventional proportional amplifier and adder circuit, each
column in the matrix corresponds to a pulse with 2M

(= 16) discrete amplitudes. Finally, 16N = 65 536 differ-
ent control waveforms can be obtained by assigning the
values of 16 control bits in the matrix.

IV. PROPERTIES OF THE SYSTEM

According to Eqs. (3)–(15), the properties of the pro-
posed system are discussed by means of the simulation
software MATLAB 2018a. Here, the four-input one-output
Boolean function is selected as an example. After coding,
the four input bits are converted to optical on-off keying
signal with the bitrate f = 10 Gbit/s. The dispersion value
of FBG is set as 1000 ps/nm. The modulation depth m1
and m2 are both chosen as 1. In the decoding process, the
selection of threshold value can affect the system results.
Here, the mean value of the time sequence x3 is used as
the threshold value xth, which exhibits good results in the
simulation.

Firstly, we focus our attention on the maximum num-
ber of available Boolean functions marked as num. Figure
4 reveals the relationship between the achievable number
num and the loop iteration time l. In general, num keeps
growing with the increasing of iteration time l. After accu-
mulated nonlinear effects, eventually the input Boolean
sequences can be transformed into any possible wave-
forms, sequentially resulting in various Boolean functions.

FIG. 4. Increase in the maximum number of available Boolean
functions num with the iteration time l.

When l equals 75, num can reach its maximum theoreti-
cal value for a four-input one-output Boolean function. It
means all possible Boolean functions can be realized in this
optical system with adequate iterations. By setting a differ-
ent control signal, the system can be reconfigured to a new
Boolean function without changing its physical structure.

According to the increase rate of num, the growth curve
exhibits two distinct characteristics in different periods,
which are marked as steady transition (ST) region and
rapid growing (RG) region. In the RG region, a slight
increase of iteration time l can cause a marked rising of
num. In contrast, to obtain reside functions in ST regions,
a large number of iterations are spent. As can be seen,
the whole curve consists of two RG regions and two
ST regions, which appear in alternation. During the first
RG period, 30 247 Boolean functions are acquired within
15 iterations. At the end of the first ST region (l = 38),
about half the number of theoretical Boolean functions
are produced, only adding an extra 2629 at the cost of 23
iterations.

The principle of this optical computing system is to uti-
lize the ergodicity of a nonlinear dynamical system, which
can transform a fixed initial state to any desired states. As
stated in Fig. 1, the iteration circuit contains two transfor-
mations. The first one with the PM is used to mingle the
iterating waveform and the control signal, thus making the
generated Boolean functions controllable. The selection of
Boolean functions is related to the differences between dif-
ferent control signals, which rely on the modulation index
of PM m1. The second one with the MZM performs the
nonlinear transformation. For MZM, its nonlinear effect is
determined by the modulation parameter m2.
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(a) (b)

(c) (d)

FIG. 5. Effect of two transforms on iterating waveform is stud-
ied, separately. The figures display the cross-correlation coef-
ficients between the initial input and output waveforms after
different iteration times. In (a), a small m2 (= 0.2) is adopted,
m1 = 2. In (b)–(d), m1 = 0, the values of m2 are set as 2, 0.2, and
0.8, respectively.

Note that there is a long ST region between two RG
regions in Fig. 4. In order to clarify the phenomenon,
the effects of m1 and m2 are considered in detail. Firstly,
the impacts of m1 and m2 on iterations of input wave-
form are investigated separately. In order to reflect the
influence of optical transform on the input waveform, the
cross-correlation coefficient (CC) is used to characterize
the similarity between the input signal and output wave-
forms generated at different iteration loops. To discuss the
effect introduced by m1 individually, a small m2 is adopted.
Figure 5(a) plots the variation of CC at m1 = 2 and m2 =
0.2. After a short rapid oscillation, the CC comes into a
nearly steady state. A large correlation value between the
input and iterated output is maintained. In Fig. 5(b), the CC
curve for m2 = 2 is plotted, where the modulation index
of PM m1 and dispersion value of FBG d are set as 0.
After several iterations, the CC decreases to a small value.
Compared with m1, m2 plays a more important role in iter-
ating the input waveform. The output result has a stronger
dependence on the nonlinear effect of MZM.

When m2 = 2, the nonlinear effect of MZM is relatively
strong. The transform can make a big change on the input
waveform, therefore the output of Boolean functions can
be traversed quickly in a few loops. A further investiga-
tion of the influence of a small m2 on the waveform is
conducted. As shown in Figs. 5(c) and 5(d), the curves cor-
respond to m2 = 0.2 and 0.8, respectively. When m2 = 0.2,
the transformation approaches a linear expression, which

causes little influence on the input waveform during the
iteration process. For m2 = 0.8, the waveform does have
some minor variations after one iteration due to weak non-
linear effect. However, when the iteration repeats several
tens of times, the CC can reach a small level. A significant
change of the input waveform happens through repeat-
ing the nonlinear iteration. The cumulative nonlinear effect
of continuous iterations can make a similar result as the
strong nonlinear effect brings about. In other words, for a
transform with a weak nonlinear effect, traversing all states
can also be achieved at the cost of increasing iteration
times.

Subsequently, the influences of m1 and m2 on the gener-
ated number of Boolean functions are studied. Figure 6(a)
shows the tendency of the num − l curve under different
conditions of m1, where m2 is set as constant value 1. Seven
curves discriminated by colors and markers correspond to
m1 taking 0.01, 0.05, 0.1, 0.5, 0.7, 1, and 1.2. As can be
seen, a larger m1 brings a larger num. For two different con-
trol signals, a large m1 means a greater divergence, which
is easier to obtain different Boolean functions. When m1 =
0.5, the divergence reaches its maximum value, namely the
half-wave voltage of PM. Hence, for m1 ≥ 0.5, the growth
tends to be saturated, and the obtained number of Boolean
functions remains nearly unchanged even if we further
increase m1. Nevertheless, all these curves can finally reach
the theoretical value after adequate iterations.

As shown in Fig. 6(b), the variation of m2 causes a con-
siderable influence on the system characteristics. Here, m1
is fixed as 1 and m2 takes 0.1, 0.3, 0.5, 0.7, 1, 1.2, 1.5, 1.7,
and 2. A smaller m2 can restrict the total number of avail-
able Boolean functions. It is not capable of generating all
possible functions when m2 < 0.5. The second RG state
disappears and is replaced by a longer ST region. When
m2 ≥ 0.5, the second RG period appears. The appearance
of the first ST region can be mainly attributed to the
weak nonlinear effect of a single nonlinear iteration. The
Boolean functions are discriminated by selecting different
control signals. For two different control signals, nonlin-
ear iterations can amplify their difference and result in
two different outputs, which correspond to two different
Boolean functions. The costs of iterating times are differ-
ent for two similar control signals and two distinct signals.
With limited iteration rounds, control signals with similar
waveforms might generate an identical Boolean function.
However, a single Boolean function can only be assigned
to one control signal. In the first RG period, the gener-
ated Boolean functions are allocated to one of these similar
control signals. With more and more Boolean functions
appearing, the difficulty of generating new Boolean func-
tions increases. In order to obtain reside Boolean functions,
a drastic change of analog waveform is needed. However,
under the weak nonlinear effect of a single iteration, a long
iteration process is required to traverse the waveform to
expected states, as demonstrated in Fig. 5(d). Therefore,
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(a)

(b)

FIG. 6. Increase in the maximum number of available Boolean
functions num with the iteration time l (a) under different phase
modulation depth m1 when m2 = 1, (b) under different intensity
modulation depth m2 when m1 = 1.

the growth rate of available Boolean function during this
period is slow, corresponding to the ST period. Through
continuous iteration, the cumulative nonlinear effect is
strong enough to make a big difference in the temporal
waveform of output signal for similar control signals, and
is thus capable of outputting another half of Boolean func-
tions. With the enhancement of nonlinear effect of MZM,
the duration of the first ST and second RG periods can be
largely shortened. When m2 = 2, the least iteration times
in need is 59, and 75 times iteration is required for m2 = 1.

V. THE INFLUENCE OF NOISE

In analog computation systems, noise can have a disas-
trous influence on their performance. With the increasing

(a)

(b)

FIG. 7. (a) Divergence of sampling output xo in 100 noisy tra-
jectories; (b) the change of σ	 with iteration times l for all initial
states.

of cascade stages or iteration times, the accumulated con-
tamination can even disable the normal operation. In Ref.
[26], an improved scheme is proposed to reduce the effect
of noise on the electrical Boolean function generator. In
order to study the effect of noise, the Gaussian noise term
is added to Eq. (9), which can be rewritten as

Efeed(t) =
√

P2 cos{m2[x2(t) + noise(t)] + φbias}
exp(j ω0t + φ0) (16)

noise(t) is an instantaneous term with zero mean and stan-
dard deviation σ . The value divergence of 100 trajectories
is calculated with σ set as 0.001, which is identical to
the value in Ref. [26]. Here, the initial state [0, 0, 1, 0]
is selected as an example, which does not affect the main
conclusions draw in this discussion.
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(a)

(b)

FIG. 8. Change of standard deviation σ	 using (a) different m1
for m2 = 1, and (b) different m2 for m1 = 1.

As shown in Fig. 7(a), when m1 and m2 are equal to 1,
these trajectories begin to diverge dramatically at l = 6.
To explain the noise effect further, a variable 	 is defined
as the deviation of the noisy trajectory from the noiseless
trajectory. The standard deviation σ	 of these trajecto-
ries is calculated to describe the fluctuation level of xo
caused by noise. Figure 7(b) shows the change of σ	 with
the increase of iteration time l under all possible initial
states, where [1, 1, 1, 1] is denoted as index 15 and [0, 0,
0, 0] is labeled as index 0. A stable iteration can be main-
tained before the sixth loop for all input states. As the
iteration time increases, the accumulated noise plays an
increasingly important role in the output waveform. With
the participation of noise, it can be difficult to ensure the
desired output after several nonlinear iterations.

As discussed above, the selection of m1 and m2 can affect
the number of obtained Boolean function num. Larger m1

and m2 bring about a higher num in the first RG period.
However, the variation of m1 and m2 could also influ-
ence the impact of noise on nonlinear iterations. Figures
8(a) and 8(b) show the change of standard deviationσ	

when using different m1 and m2. Because of the stronger
nonlinear effect, a larger m2 will aggravate the contami-
nation of noise on the normal iteration. When m2 < 0.5,
the nonlinear iteration circuit can be more robust against
the perturbations from noise. In other words, a larger iter-
ation time is of permission under the same demand of low
σ	. However, this makes little sense on the increase of the
number of achievable reliable Boolean functions due to
their low growth rate of num in the first RG period. Consid-
ering the iteration time and growth rate simultaneously, in
order to maximize the number of obtained Boolean func-
tion, range [0.5, 1] might be a good selection for m2 under
the corroding of noise.

Similar to m2, a large m1 can deteriorate the stability of
output. Besides, a small m1 can also result in a heavy dete-
rioration on the system, as shown in Fig. 8(a). It might be
attributed to the low signal-to-noise ratio of phase modu-
lation since a small m1 means a low modulation depth of
signal. When m1 = 1, corresponding to the green line in
the figure, a better performance is exhibited against the
influence of noise. When m1 = 1 and m2 = 0.5, 19 640
Boolean functions can be obtained after seven iterations
with a relatively well robustness, where σ	 is below 0.01.

VI. CONCLUSION

In this paper, we propose a reconfigurable optical
Boolean function generator. High-speed nonlinear calcu-
lation can be implemented utilizing the broadband prop-
erty of optical components. The Boolean input modulates
the driving current of the laser to generate optical on-
off keying signal. This segment of waveform is used as
the initial input of iteration, thus reducing the precise
mapping procedure. Through the iteration circuit, a con-
trollable nonlinear transform is performed on the input.
The transform function is managed by the control signal. A
different control signal provides a different nonlinear func-
tion, hence generating different output waveform. Through
an average-detecting circuit, a different Boolean result can
output. After numerous iterations, finally all functions are
acquirable with no need of changing its physical configura-
tion, which can exhibit a huge advantage in multifunctional
computing and flexible configuration. A further simula-
tion result reveals that a high nonlinear effect can enhance
the speed to reach all possible functions, but also acceler-
ate the degradation of noise. In the current scheme, lots
of iterations are needed to implement all Boolean func-
tions and the influence of accumulative noise is still heavy.
By adjusting the values of nonlinear parameters m1 and
m2, 19 640 reliable Boolean functions can be obtained in
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seven iterations under the contamination of noise. The pro-
posed scheme provides a solution to implement optical
Boolean function computing and might be helpful for the
exploration of following optical computation.
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