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ABSTRACT Based on the system of drive-response vertical cavity surface emitting lasers (VCSELs) with
optical feedback and the new electro-optic (EO) modulation theory, we propose a novel reconfigurable and
storable logic operations scheme to perform the behaviors of flexible switching and delayed storage among
different logic operations. Here, the optical feedback intensity is modulated into logic input, the applied
electric field in drive system and response system are modulated into logical control signals, the logic output
is decoded by threshold mechanism. When the logical control signal in drive system and response system
remain equal and both of them satisfy different logic operation relationships with the logic inputs, the system
can perform the mutual conversion and delayed storage among the logic operations such as AND, NAND,
OR, NOR, XOR and XNOR. Furthermore, the half adder logic operations are also being realized. Finally,
the influence of bit duration time and noise intensity on the reliability of the logic operations is analyzed,
and the results indicate that the logic operations have good anti-noise performance.

INDEX TERMS Vertical cavity surface emitting laser, reconfigurable, chaotic logic operations, success

probability.

I. INTRODUCTION

It is well known that the chaotic laser signal is not only
extremely sensitive to the initial conditions of the system
and external interference, but also has the characteristics of
aperiodic and high randomness, which makes it widely used
in the field of optical communication, such as high-speed
physical random number generators, high-speed key distri-
bution and signal carrier, etc. In recent years, optical chaotic
logic operations based on semiconductor laser has attracted
widespread attention since it provides a scheme to realize
reconfigurable logic operation, where different logic opera-
tions such as AND, OR, XNOR, NAND, NOR, XOR, etc.,
are flexibly converted by the slight change of the parameters
in a chaotic system. And optical chaotic logic operations are
the most critical technology in future optical chaotic network
secure communication, however, the technology of the opti-
cal chaotic logic operations still lags behind. For most of
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the logic processing of optical chaotic signals, such as multi-
plexing, demultiplexing, switching, regeneration, storage and
calculation, it is necessary to implement all-optical chaotic
logic devices and sequential logic ones with low power
consumption and high speed. Compared to edge emitting
laser, vertical cavity surface emitting laser (VCSEL) exhibits
many advantages such as large modulation bandwidth, low
threshold current, round beam output and easy coupling with
fiber, etc. [1]-[4]. Under the conditions of external light
injection or bias current injection, the VCSEL is easy to
emit mutually orthogonal chaotic x-polarized light (x-PL)
and chaotic y-polarized light (y-PL), and it can also exhibit
rich dynamic behaviors such as polarization switch and polar-
ization bistability [5]-[14]. Based on the dynamic character-
istics of VCSEL’s polarization bistability, the C. Masoller’s
research group successfully implemented stochastic logic
gates with different technical schemes [1], [2], [15]. In 2013,
Yan put forward a feasible plan to implement all-optical
logic gates based on ‘“‘master-slave-response’” synchroniza-
tion system of chaotic multiple-quantum-well lasers [16].
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FIGURE 1. The diagram of system composition and detailed light path. D (R)-VCSEL: drive (response) vertical cavity surface emitting laser; IS:
isolator; up: normalized injection current of D-VCSEL; pp: normalized injection current of R-VCSEL; BS: beam splitter; PBS: polarization beam
splitter; OC: optocoupler; HWP: half-wave plate; FR: faraday rotator; VA: variable attenuator; M: mirror; PPLN: periodic poled LiNbos; E; (E,):
applied electric field; x (y)-PL: x (y)-polarized light; FPGA: field programmable gate array; LIM: light intensity meter; A;: threshold; X; (X;):

logic output; I; (I,): logic input; Cp (Cg): control signal.

In 2015, Zhong’s team obtained optoelectronic composite
logic gates based on electro-optic (EO) modulation theory
and the VCSEL subjected to external optical injection [17].
In 2016, all-optical stochastic logic gates and their delay
storages were successfully implemented based on general-
ized chaotic synchronization and polarization switch in sys-
tem of the cascaded VCSELs with optical-injection [18].
In 2017, based on polarization bistability, the reconfigurable
all-optical chaotic logic gates were firstly being successfully
realized by the scheme for VCSEL subject the injection of
light from tunable sampled grating distributed Bragg reflector
laser [19]. In 2020, my research group use a simple tech-
nical scheme for the VCSEL subject the optical feedback
to implement the reconfigurable optoelectronic chaotic logic
gates [20]. Next year, a novel scheme for the reconfigurable
optical chaotic logic operations with fast rate of picoseconds
scale were proposed in our laboratory [21].

However, the most of logic operations implemented by
the above schemes are static, the development of dynamic
and reconfigurable chaotic logic operations are still in the
initial stage. Since the VCSEL with external optical feed-
back or external optical injection, as a nonlinear system
with high dimension has rich nonlinear dynamic behaviors,
it is great prospect that reconfigurable chaotic logic oper-
ations are implemented. In this paper, we put forward a
novel implementation scheme for reconfigurable and storable
chaotic logic operations in a chaotic polarization system of
drive-response VCSELs with optical feedback. And the half
adder logic operations can also be performed based on this
system. Finally, the reliability of logic operations is further
analyzed.

Il. THEORY AND MODEL
The composition of the drive-response system and detailed

light path are displayed in Figure 1. In the drive system,
the light emitted by D-VCSEL first passes through the
isolator 3 (IS3), and then is separated into x-PL and y-PL by
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polarization beam splitter 1 (PBSy). The x-PL passes through
the light intensity meter 1 (LIM;) and then is divided into
two beams by beam splitter 2 (BS2). One beam of the x-PL
is feedback into the periodic poled LiNbo3z 1 (PPLN) crystal
by the plane mirror 1 (M), M and Mg in the feedback cavity,
and the other beam of x-PL is directly injected into the PPLN,
crystal. The y-PL from PBS; is divided into two beams by
BS;. One beam of y-PL is reflected by M3, M4, M5 and then
passes through the faraday rotator 1 (FR) and half wave plate
1 (HWP)), and finally is injected into the PPLN| crystal. The
other beam of y-PL is directly injected into the PPLN> crystal
through FR3 and HWP3 The above FR and HWP are mainly
used to convert the polarized direction of y-PL to the z-axis
direction of the crystal. The x-PL and y-PL injected into the
crystal are regarded as the initial input of o-light and e-light
respectively. The electric fields applied to PPLN; and PPLN>
are denoted by E7 and E», respectively. The x-PL and y-PL
from the PPLN; crystal (e-light is converted into y-PC by
FR; and HWP,) pass through IS and IS; respectively, and
then are injected into optocoupler 1 (OC ) together. The light
output from OC; is divided into two beams by BS3, and then
these two beams are injected into D-VCSEL through polymer
tunable diffraction grating variable attenuator 1(VAp) and
VA,, respectively. The x-PL and y-PL from the PPLNj crystal
pass through IS4 and ISsrespectively, and then are combined
by OC, into a beam of light, which is injected into the
R-VCSEL through VAs. Here, up and uR are the normalized
injection currents of D-VCSEL and R-VCSEL, respectively.

In order to implement dynamic switching between dif-
ferent logic operations, the logical control signal needs to
meet the different logic operation relationships with the logic
inputs synchronously. To solve this problem, we give the
following technical solutions: the time-varying current source
S1 and $; output the current uy, u;’, up and uy’. Here, the
current #jand uy, in turn, are encoded into two electric logic
inputs of the field programmable gate array (FPGA) such as
i1 and i;. Because the polymer tunable diffraction grating VA
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is controlled by the current, the optical feedback intensity
ke1 and kpp are determined by u;’ and uy’ respectively (see
Fig. 1). Here, the kf; and kg» are encoded into optical logic
inputs /1 and I, respectively. Due to u; = u;’, up = up’,
the logic sets of the signals i and i; are synchronized with
those of the signals /1 and />. The two logic outputs of the
FPGA are defined as Y; and Y;, which respectively control
the E; and E». Here, Y1 = Y» = 0 is encoded in the low
level Eg;, Y1 = Y2 = 1 is encoded in the high level Ep;.
Namely if Y1 = Y> = 0, we obtain E; = E; = Ep; and
Cp=Cr=0;whenY; =Y, =1,wehave E| = E; = Ep»
and Cp = Cr = 1. Using the FPGA, Yjand Y> both can
perform different logic operations with i; and i, so that Cp
and Cr can implement different logic operations with /1 and
I indirectly.

The D-VCSEL in the drive system is injected by the light
from the PPLN| crystal, its rate equations are derived as:

i (EDx(t)>
dt EDy(t)
= k(1 +ia) [INp(1) — 11} @gyg;)

+k (1 + ia) inp(r) (EDy(’ ) )

EDx(t)
. Epx(1) . Epx1(t — 1)
Flat+ i) (EDy(t)> h (Epyl(t - Tl))
R RV ,3s VeNDfx
x exp(—iwoT) + (\//SSZVW;)‘ (D
dND(t) 2 2
= ~VelNp() = o + No()(IEp: ()] + |Epy (1))
+inp(O)Epy()ER, (1) — Epc(DE}, ()]} 2
d
HZU) = —ynp(t) — yelnp()(|Epx(1)]* + |Epy()]%)

+iNp(O)[Epy()Ep, (1) — Epx(DEp (D]} 3

Similarly, the rate equations of the R-VCSEL in the
response system can be expressed as:

i (ERx(t)>
dt ERy(t)
= k(1 + ia) {[NR(r) — 1) (iﬁgi)

+k (1 + ia) ing() (E’W ) )

ERx(t)
. Egy(2) Ep(t — 12)
Flat+ i) (ERy(t)) i (EPyz(t - fz))

. \/,Bs YeNREx
x exp(—iwpt.) + ( %3;; YNk, 4)

dN,

% = —Y[NR(t) — g + Nr(O(Erc(1)]* + | Egy(1)]?)
+ing(t)[Ery()Ejy, (1) — Erc(DEf, (D]} ()

d

”d%(’) = —ysnr(t) — Velnr()(|Ege ()]* 4 |Ery(1)[%)
+HiNg(D[Ery(1) Ef (t) — Epe()Efyy (1)1} (6)
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In the above rate equations, the subscripts x, y, D, and R
respectively mean the x-PL, y-PL, D-VCSEL and R-VCSEL;
E represents the complex amplitude of light; N is the total
carrier concentration; n is the difference in concentration
between carriers with spin-up and carriers with spin-down; k¢
represents the optical feedback intensity; 7 is the round-trip
time in the external cavity; 7, is the propagation time of light
from the PPLN, to the R-VCSEL; wy represents the center
frequency of D-VCSEL and R-VCSEL; ¢, and ¢y are a pair
of gaussian white noises that are independent of each other
and obey the standard normal distribution. Epx| and Epy; are
the complex amplitudes of the x-PL and y-PL output from the
PPLN; crystal; similarly, Epx; and Epy; are the those of x-PL
and y-PL from the PPLN> crystal. The meanings and values
of other physical parameters are presented in Table 1 below.

Considering the x-PL and y-PL from D-VCSEL as the
original inputs of the o-light and the e-light in PPLN| crystal,
respectively, we have

hawoV
Eo,e(os t—11)= —EDx,Dy(t —-11) @)
SaTLven 2

In the same way, the amplitude of the original inputs of the
o-light and e-light in PPLN> crystal satisfy

ﬁa)oV
Eoe(0,1 — 1) = | =———EDx.py(f — T2) (8)
SaTpveny 2

In the above formula, E, and E. represent the amplitude
of o-light and e-light respectively; # is the Planck constant;
S4 denotes the effective area of the light spot; V is volume of
the active layer; 71, is the round trip time in the laser cavity
and Ty = 2ngoc/L,, L, is the length of the laser cavity, ng
represents the effective refractive index of active layer, o.is
the speed of light in vacuum; v, is the light velocity in a
vacuum, 71 and np are the undisturbed refractive indices of
the o-light and the e-light, respectively. Due to the phase
mismatch and the weak second-order nonlinear effect, the
analytical solutions of the wave-coupling equations of the
linear EO effect for the light in the PPLN; and the PPLN,are
written as:

Eoo(L, t—10)= px y(L, t —tg) exp(iBoL) exp[igx (L, t — 10)]
©

where 1y = 11 ortp, the meanings and mathematical expres-
sions of other physical parameters are present in Ref. [18].

When the D-VCSEL are subject to the injection of the output
x-PL and y-PL from the PPLN; crystal, we have:

SaTpveni 2
Epy1,py1(t — 11) = \/ WUM(L, t—1) (10

Similarly, while the output x-PL and y-PL from the PPLN,
crystal are injected into the R-VCSEL, we obtain

SaTpvent 2
Epxa.pya(t — T2) = ,/ﬁ—‘Uo,e(L, t—1n) (1)
woV
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TABLE 1. The parameters of the system.

Parameters value Parameters value
Line-width enhancement factor @ 3 Effective refractive nmdex of active layer 36
g
field decay rate k 300 Polar angle 6/ 12
Spin relaxation rate % 50 ns™! Azimuth ¢ 0
Nonradiative carrier relaxationy, 1 ns’! Normalized injection current pp 1.5
Dichroism %, -0.1 ns™! Poled period of crystal A 5.8x10°m’!
Birefringence 2 ns’! Crystal length L 15 mm
Delay time 7 2ns Refractive index of o-light n, 2.24
Delay time 7 4 ns Normalized injection current pr 1.5
Effective area of light spot S 38.485 um? Refractive index of e-light 1, 2.17
Length of the laser cavity Ly 10 um Optical injection intensity iy 1.13 ns™!
Volume of the active layer V' 384.85 um’ Central wavelengthA, 1550 nm
Differential material gain g 2.9x10" s/m’® Field confinement factor to the active 0.05
region I
The bit duration time T’ 10 ns The noise intensity S, 2%10°

IIl. RESULTS AND DISCUSSION

Here, we suppose that the optical feedback intensity equals
to the sum of two square waves that encode the two logic
inputs, i.e., kf = kf; + k2. Here, the logic input for the optical
feedback intensity k¢ is defined as 7, and that for the optical
feedback intensity k¢ is defined as I». In this case, there are
four logic input sets: (0, 0), (0, 1), (1, 0), and (1, 1). Repre-
senting the (0, 1) and (1, 0) with the same optical feedback
intensity kg, we can encode the four inputs with the three-
level signals kg, ke, and ke, where kg accounts for the set
(0, 0), and k1p1 represents the set (1, 1). The three-level signal
used to vary kg is constant during a time interval 7', defined
as the bit duration time. We suppose that /; = I = 0 when
kit = kpp = 0.56ns~! (kg = 1.12ns™1); when kf = kp =
05ns™ 1, Iy = = 1 (kgyp = 1.14ns71); I} = 0, I, = 1if
kp = 0.56ns™! and kp = 0.57ns™! (km = 1.13ns7'),
similarly kg = 0.57ns™!, kpy = 0.56ns™! (kp = 1.13ns™ 1)
indicate that /; = 1, I, = 0. The applied electric field
E| and E; in drive-response system are modulated into the
logical control signal Cp and Cr respectively, it means that,
if Ey = E = Ep; = 0.3kV/mm, Cp = Cr = 0; else if
Ey = E; = Epp = 0.75kV/mm, Cp = Cr = 1. The logic
output X of the drive system is demodulated by the difference
between the average value Ap of the x-PL intensity from the
D-VCSEL and the threshold At; similarly, the logic output
X>of the response system is demodulated by the difference
between the average value AR of that from the R-VCSEL and
the threshold At. Namely, if Ap-At > 0,X; = 1,else X; = 0;
in the same way X, = 1 if AR-AT > 0, else X, = 0.

The threshold value At determines the reliability of the
logic operations. In order to obtain a suitable threshold,
we adopt the following technical solutions: since Cp and
CRr can perform different logic operations with /; and I by
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FPGA, such as AND, OR, XOR, etc. For different cases
of logic operation Cp r, we have calculated the maximum
value Apmax of Ap when Cp = 0, and the minimum value
Apmin of that under Cp = 1. The maximum value Armax
of AR when Cr = 0, and the minimum value Arpin, of
that under Cr = 1 also have been calculated. The specific
calculation results are displayed in table 2. From the table,
we obtain that the maximum value of Apmax equals to 0.0053,
and the minimum value of Appi, equals to 0.016. Therefore,
the threshold AT needs to satisfy the following condition:
0.0053< At < 0.016. Hence, we take At as 0.01, that
is, if Ap < 0.01 and Ag < 0.01, X; = X, = 0; else
Xi =X, =1 whenAp > 0.01 and Ag > 0.01.

The system can realize different logic operations when the
logical control signal meets different logic operation relation-
ships with the logic inputs. In this paper, relying on FPGA to
convert the logic operation relationships between the logical
control signals Cp (Cr) and Iy, I, the response system has
the same logic outputs as the drive system when Cr remains
equal to Cp, i.e., X»(¢) = X1(¢-12 4 11), s0 as to realize the
reconfigurable and storable logic operations.

Figure 2 shows the numerical simulation results of logic
operations. The blue dotted line in Fig. 2(a) represents the
applied electric field E; (encoded into Cp), and the red
dotted line represents the three-level signals kg, kg and
ker (encoded into the logic inputs), the solid black line
in Fig. 2(b) denotes the intensity Ipx of x-PL from the
D-VCSEL, and Ipx = |EDX|2. The logic output X obtained
by the threshold mechanism as shown in Fig. 2(c). From
Figs. 2(a), 2(b) and 2(c), it is found that when the noise inten-
sity Bspis 2 x 10%, the different logic operations at differ-
ent time periods can be implemented, controlling the logic
operation between Cp and two logic inputs. For example,
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TABLE 2. For different cases of logic operations Cp g between /; and I,, the maximum average value App,ay and Agyax of the x-PL intensity from
D-VCSEL and R-VCSEL respectively under Cp g = 0, and their minimum average value Apminand Agyin under Cp g = 1.

(1, L)=1(0,0) (1, L)=(0,1)/(1,0) i, L)=(1,1)
Logic operations
CD,R ADx, ARx CD,R ADx; ARx CD,R ADx, ARx

C,.=11, O o0 0 e ! 0
Cou=l-1, 1 ol L 0 e
C,, =1 +1, 0000 vy ! o
Con=h+1; Y 000 R 15
Con =101, 0 o0 Iy 0 0031
Con=he I, Lo 0o ! ot

if Cp = I; - Lbwhen the time ¢ is between 10 ns and 50 ns,
we obtain the logic AND operation, i.e., X; = I - I>; while
t is between 50 ns and 90 ns, the logic OR operation can be
performed when Cp = I1+1,1.e., X1 = I1+1»; with ¢ varying
from 90 ns to 130 ns, X1 = I1 © I if Cp = 11 © I, the logic
output is logic XNOR operation; In the case that Cp = 111,
the logic output is of logic NAND operation, i.e., X| = I - I»,
and when 130 ns< r < 170 ns; If Cp = I+, it is converted
into the XNOR operation, i.e., X1 = I1+1> in the time period
from 170 ns to 210 ns. Finally, with ¢ being between 210 ns to
250 ns, the logic output is further converted into logic XOR
operation due to the fact that Cp = I} @ I>. When the logical
control signals Cp and Cr remain equal at all times, the logic
operations performed by the response system are the same as
that of the drive system, as shown in Figs. 2(d), 2(e) and 2(f),
indicating that the system has the ability to reconstruct and
store logic operations.

Controlling the logic operation between the logical control
signals and two logic inputs, the reconfigurable and storable
logic operations such as XOR, AND, XNOR, OR, NAND and
NOR are further implemented as shown in Fig. 3.

Depending on FPGA, we have Cp = I} - I, and Cr =
Iy ® I (see Figs. 4(a) and 4(d) ) at the same time, thus
the drive system can implement the logic AND operation,
ie., X1 = I1 - b, and the response system can realize
the logic XOR operation, i.e., X, = I} & I, as shown in
Figs. 4(b), 4(c), 4(e) and 4(f). Therefore, the half adder logic
operations are also successfully implemented.

The reliability of logic operations depends strongly on
some system parameters. In the following we calculate the
success probability P; and P> (as the ratio between the num-
ber of correct bits to the total number of bits) to quantify the
reliabilities of the logic operations performed by the drive
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system and the response system, respectively. Here, we take
the logic operations shown in Fig. 2 as an example to calculate
the evolutions of P and P;in the space of noise intensity Bsp
and bit duration 7', as shown in Fig 5. It is found that the area
of P; < 0.8 in Fig. 5(a) accounts for a larger proportion when
T varies from Ons to Ins, indicating that the reliability of
logic operations is poor; As T gradually increases from 1ns to
2ns, the area with P; > 0.9 accounts for a larger proportion,
denoting that the reliability of logic operations is enhanced;
when T continues to increase from 2ns to 10ns, the proportion
of the area with P = 1 increases rapidly. It can also be seen
that as the noise intensity fs, increases from 0 to 4 x 10,
the proportion of area with P; = 1 is gradually shrinking,
showing that reliability is slowly getting worse. The evolution
trajectory of Py in Fig. 5(b) is similar to that of P in Fig. 5(a).

In order to show the local changes of Py and P»in Fig. 5 in
more detail, we further analyze the dependence of the success
probability on the B, for different 7', as displayed in Fig. 6.
As we can see from the Fig. 6(a) that if 7 = 4ns, the value
of Py is always equal to 1 when 0 < B, < 1 x 10°, which
indicates that the reliability of the logic operations is strong,
and no error appeared in logic outputs; as Bsp exceeds 1 x
10°, the value of P; begins to fluctuate, but is still above 0.9.
When 0 < s, < 3.75 x 10%, the P is always equal to 1 if
T = 8ns, denoting that the logic operations are of reliability
and stability; P varies in a small range when S, exceeds
3.75 x 10°, the reliability of the logic operations gets slightly
worse. When g, varies from 0 to 4 x 10, the logic operations
are so reliable that Py is always equal to 1 if 7 = 10ns. From
Fig. 6(b), one sees that value of P oscillates severely with S,
increasing if T = 4ns. When f, increases from 0 to 2.7 x
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10%, the value of P, always equals to 1 since 7 = 8ns;
Bsp further increasing from 2.7 x 10° to 4 x 10°, P, begin
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From the above results, it is concluded that the success
probability P and P; for logic operations implemented by the
drive system and response system respectively are seriously
dependent on the noise intensity B, and bit duration time 7.
The values of P; and P, will become small and unstable if
the value of T is too small or the value of By, is too large. Itis
noted that the logic operations are highly reliable that both
P1 and P, are always equal to 1 under appropriate conditions
suchas T = 8ns and Bsp < 2.7 x 10°, or T = 10ns and Bsp
within the 4 x 10°.

IV. CONCLUSION

We propose a novel reconfigurable and storable chaotic logic
operations scheme by using the drive-response VCSELs with
optical feedback, based on the EO modulation theory. Here,
the optical feedback intensity is modulated into logic input,
the applied electric field in drive system and response system
are modulated into logical control signals, and logic outputs
are demodulated by the threshold mechanism. Relying on
FPGA to convert the logic operation relationships between
the logical control signals and logic input, the system can
perform the reconfigurable and storable processing of logic
operations. Furthermore, the system can also implement the
half adder logic operations when the chaotic logic AND and
XOR operations are performed by the drive system and the
response system, respectively. It is noted that the bit duration
time and noise intensity have an impact on success probability
of logic operations. And the reliability of logic operations are
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so strong that the success probability can be always equal
to 1 even though the noise intensity is as high as 4 x 10°,
indicating that the logic operations have good anti-noise
performance. These results have potential application in the
reconfigurable and storable chaotic logic computing system
with high speed, security and low power cost.
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