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Abstract A scheme for the generation of a pseudo noise
(PN) sequence in the optical domain is proposed. The
cascaded units of micro-ring resonator (MRR)-based D
flip-flop are used to design the device. D flip-flops consist
of a single MRR and share the same optical pump signal.
Numerical analysis is performed, and simulated results are
discussed. The proposed device can be used as a building
block for optical computing and for creating an informa-
tion processing system.

Keywords all-optical, D flip-flop, micro-ring resonator
(MRR), optical communication, pseudo noise (PN)
sequence

1 Introduction

In the last two decades, considerable research has been
carried out to realize the digital logic computational
techniques using different technologies. Physical wireless
connectivity can be achieved using either radio frequency
or optical signals. The radio frequency spectrum is
congested, and services in new bands are difficult. Optical
computation and optical devices are good alternatives to
radio frequency communication systems. The wireless
channel shows good capacity for optical communication
[1]. Optical wireless networks are good candidates for the
next generation communication systems [2]. A model of an
intensity-modulated direct detection channel for the free-
space optical communication has been proposed [3]. A
complementary metal oxide semiconductor (CMOS)
transimpedance amplifier for the optical wireless commu-
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nication has been reported [4]. A free-space optical
channel has been analyzed from the perspective of
information theory [5]. The main objectives of these
efforts are to realize optical communication, where the
entire operation depends only upon a photon rather than an
electron. Several techniques have been proposed to utilize
the higher transmission capacity of optical communication
networks. Configurability, compactness, and programma-
bility are the major concerns of the next generation
communication systems. Ring resonators that use various
fabricating materials have been reported such as a silicon-
on-insulator (SOI)-based micro-ring resonator (MRR) [6],
silicon MRR [7], and vertically coupled GalnAsP-InP
MRR [8]. Silicon MRR is an excellent platform for
performing all-optical signal processing [9]. MRR offers
high-Q, ultra-fast switching, ultra-low power consumption,
and ease of fabrication [7,10]. Many studies have
investigated all-optical logic gates using MRR as a switch
such as all-optical ultrafast NOT, XOR/XNOR logic gates
[11], OR/NOR-directed logic devices [12], digital logic
NOT, NOR, XOR, AND, and NAND [13,14]. A
comparison of optical signals has been proposed using a
cascaded MRR structure [15].

Thus, it is of great interest to analyze techniques related
to MRR to realize combinational and sequential circuits.
For the fast optical communication network, it is essential
to generate a simple and efficient method to improve the
performance of optical computation techniques.

All-optical devices can be applied to the next generation
communication system. MRRs are used as building blocks
for very large scale integrated optics. Their small size,
filtering characteristics, and the ability of being used in
complex and flexible configurations make these devices
useful and efficient for integrated optics and photonics
applications. The convergence of microelectronics and
photonics allows to design high speed and compact
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devices [16]. The switching, compactness, and ability to
integrate multiple MRRs are the main advantages of
MRRs. The ultra-compact size and optical signal proces-
sing of MRR make it an ideal candidate for the very large
scale integrated (VLSI) photonic circuits [11,17]. The
integrated photonics technology is used to fabricate all-
optical devices where optical devices are controlled by
photons and do not need any optoelectronics conversion.

A synchronous pseudo noise (PN) code sequence
generator has been introduced [12] and is applied to
spread spectrum communication systems. The PN
sequence has several advantages such as immunity to
disturbance from other narrowband signals and low power
spectrum. A rapid acquisition scheme with a new decision
logic is proposed, where the average number of chips for
acquisition is lower compared to that for conventional
logic [14]. The device dimension is reduced using an
optimized linear feedback shift register (LFSR) permuta-
tion [18]. The design of an all-optical PN sequence
generator using MRR can considerably reduce the device
dimension. The proposed device is a perfect example of
interconnected optical switching elements. Because the
proposed device is all-optical in nature, the undesirable
latencies and speed limitations imposed by electrical to
optical and optical to electrical conversion can be
eliminated.

In this study, a considerable effort was made to design
devices for the optical communication network. Section 1
presents an introduction to the optical communication
network, research work carried out in the field of optical
networking, as well as advantages and limitations of
optical communication. Section 2 explores the operation of
MRR. The design of optical D flip-flop is discussed.
Section 3 deals with the operation of a PN sequence
generator. A PN sequence generator is designed using
MRR, and the simulated results are discussed. In Section 4,
relevant conclusions are discussed.

2 Micro-ring resonator (MRR) and all-
optical D flip-flop

MRR consists of a ring resonator and input—output
waveguides. The operating principal of MRR is the
coupling phenomena between the ring resonator and
input—output waveguide. The coupling coefficient between
the input waveguide and ring is k; and that between the
ring and output waveguide is k. Figure 1 shows the
diagram of MRR, where r is the ring radius. Constructive
interference occurs if the path length of the round trip is an
integer multiple of the wavelength. Constructive inter-
ference is known as “ON resonance”. At resonance,
periodic fringes are observed at the output ports.
Resonance condition include maximum and minimum
power at through port and drop port respectively.

The resonance condition can be changed by varying the

input port 1=k, through port

i2

1-k, add port

Fig. 1 Single MRR

vertically applied pump signal. If the pump signal is
applied vertically to MRR, it is known as a vertically
coupled MRR (VCMRR); if the pump signal is applied
latterly, it is known as a laterally coupled MRR (LCMRR).

When an appropriate intensity of the pump signal is
applied to the resonator, the refractive index of the
resonator changes. High-density carriers are generated
when the optical ring is excited from the top of the ring and
results in the complete absorption of light. This results in a
decrease in the refractive index profile, and a blue-shift
phenomenon is temporarily observed for the specific
micro-resonance wavelengths. The resonance wavelength
changes with a change in the refractive index, which can be
used to switch the signal ON or OFF or turn the resonance
ON or OFF for a specific wavelength. If the circumference
of the ring is considered as L, &, is the coupling coefficient
between the input and the ring, k, is the coupling
coefficient between the ring and the output, a is the
intensity attenuation coefficient of the ring, y is the
intensity insertion loss coefficient, and k, is the wave

. 2n :
propagation constant. £, = et A is the resonant

. n

wavelength of the ring, 7.p = no + nol = ng + A_zp,
eff

where ny and n, are the linear and nonlinear refractive

indices, respectively. [ and P are the intensity and power of
the optical pump signal. E;; and Ej, are assumed to be the
input and add port field, respectively. The fields at the
points a, b, ¢, and d are E,,, E,;, E,., and E,,, respectively.

B = (-9 [iVEE + VI RIE], ()

L L
E,, = E,.exp ( a4> exp <jkn2> ) 2)
.
E,.=(1-7)2 [J kaEpp + /(1 *kz)Erb} ’ )
L L
E,; = E,.exp ( az) exp (jk’i) . “)

The field at the through port is
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1 .
E = (=77 [V I=k)Es +iVREd]. )
The field at the drop port is
1 .
Eq = (1*7)2{ (1-ky)Eip +] k2Erb:|~ (6)
For simplification, let us consider

1
D= (1-v)2, x:Dexp<—a%>, and ¢ = k’éL.

By solving Egs. (1)~(6) [19,20], the through port (TP)
and drop port (DP) fields are obtained as

£ Dv/T1—k —Dy/T—lox’exp? (jo)
=Tk /T kpx?exp(jp)

—Dv/kikyexp(j)
1 -1k /1= kx?exp®(jo)

B —Dv/kykyxexp(jop) z
1Tk /T hox?exp(j¢)

D/T1=k; —Dy/T—lpx’exp’ (qu)E ®
1-VI—k VT kpxexp?(jp) =

The switching phenomenon of MRR can be described
by the above mentioned equations. The cascaded arrange-
ment of MRR is used further to design all-optical devices.
Equations (7) and (8) can be used to analyze the switching
phenomenon of MRR. A temporary blue shift phenom-
enon at the wavelength of 1550 nm is observed. The MRR
structure consists of GaAs—AlGaAs; it is assumed that
optical signal is not applied at the drop port. The coupling
coefficients, k; and k,, are assumed to be 0.25; attenuation
coefficient & = 0.0005 pm !, insertion loss y = 5%, radius
r = 3.05 um, and the effective cross-sectional area is
29.20 pm?,

Figure 2(a) shows the switching phenomenon of MRR,
where the input optical signal switches between the output
at through and drop ports.

However, a variation in the refractive index An is
represented by Eq. (9) [21].

£

+ Ei2a (7)

Eq

A 8.8 x 10722 By,
n=— 88X ———p
2hvV1s? we
0.8
_ Bty
+8.5 x 102 L2 _—p?,. . )
<2hV\/TCS2 £

Higher extinction ratio (ER) helps MRR to achieve
ultra-fast switching. ER is defined as

Pl
ER(dB) = 10lg (pom“‘),

max

(10)
where P!. and P9, represent the minimum and
maximum peak intensities, i.e., high (1) and low (0),
respectively [22].

Using Egs. (1)-(9), an appropriate blue shift phenom-
enon is obtained at the resonance wavelength A= 1550 nm.
The following parameters are considered for the simulation
purpose: f=7.9 x 1071 ecm/W, 7 (pulse width at half
power peak) = 100 fs, #, (photon life time) = 12.5 ns,
hy =49.725 x 1072 J,n, = 4 x 10~ '® m*>/W. The nor-
malized output response at through and drop ports of MRR
is shown in Fig. 2(b).

On the basis of the discussed parameters, a MATLAB
simulation was performed for a different magnitude of the
average pump power. Figure 2(c) suggests that the 2.552-
mW amount of the average pump power is sufficient for the
n amount of the phase shift; however, the average pump
power of 1.82 mW has been reported [23,24]. Thus, the
specified amount of power causes an appropriate blue shift,
which is perfect for the switching module. This module is
capable of driving the connected MRR structures.

Clocked optical D flip-flop is the basic building block of
the proposed optical sequential circuit. D flip-flop is a
transparent flip-flop. When the clock signal is low, the flip-
flop remains disabled; when clock signal is high, the input
is transferred to the output terminal. The truth table of the
D flip-flop is shown in Table 1.

Table 1 Truth table of D flip-flop

clock D On1
0 X O,
1 0 0

1 1 1

The basic layout diagram of the optical clocked D flip-
flop using MRR is shown in Fig. 3, where D is the
continuous optical signal, and the clock signal is applied in
the form of an optical pump signal. Through and add ports
are connected, and the output Q,; is observed at the
through port of MRR [25].

From the through port to the add port, an external
feedback is applied. The main aim of the feedback is to
maintain the flip-flop previous state in the absence of the
clock signal. Figure 4 shows the numerical simulation of
the proposed D flip-flop. The first row represents the input
signal D, second row represents the applied clock pulse, an
updated output signal in the presence of the clock pulse is
shown in the third row. The result shows that when the
clock signal is high and the input pulse is set to 1, the
output terminal (Q,1) acquires the state of the input data
D. When the clock signal is zero, the output maintains the
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Fig. 2 (a) Switching phenomenon of MRR. (b) Normalized output power at through and drop ports at the wavelength of 1550 nm.
(c) Variation in the phase shift with the average amount of pump power inside the ring resonator

previous state. This result shows that the proposed
structure works as an all-optical D flip-flop.

3 Design of a PN sequence generator using
MRR

The basic digital diagram of a 4-bit PN sequence generator

is shown in Fig. 5. The circuit consists of serially cascaded
four D flip-flops. The outputs Oy and Q; are applied to the
XOR logic gate, and the output obtained from the XOR
logic gate is applied as an input of the first D flip-flop.
The PN sequence generator generates a 4-bit random
sequence, whose pattern is decided by the initial bit
sequence. The specific arrangement generates 15 combina-
tions of random bit patterns. If the initial bit sequence is
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Table 2 Truth table of 4-bit PN sequence generator where the initial
Fig. 4 Simulation result of the D flip-flop sequence is 030,01 0,— 0001
clock 0; 0> 0, Qo

considered as Q30,0 0¢—> 0001, then the shifting of bit 0 0 0 0 1
sequences generates a different bit sequence, as shown in 1 0 0 0
Table 2. ) 0 . 0 0

Table 2 shows the output sequence of the 4-bit PN
sequence generator obtained from the structure shown in 3 0 0 ! 0
Fig. 5. The main objective is to implement an all-optical 4 1 0 0 1
PN sequence generator using the proper configuration of 5 1 1 0 0
the MRR structure. The basic module of the proposed 4 0 1 1 0
device is the D flip-flop. ; . 0 . .

The schematic diagram of the all-optical 4-bit PN
sequence generator is shown in Fig. 6. The proposed ° 0 ! 0 !
device consists of six identical MRR structures. MRR- 9 1 0 1 0
based all-optical clocked D flip-flops, MRR1-MRR4, are 10 1 1 0 1
connected in such a manner that the output of the first |, | | | 0
MRR works as an input for the next MRR. MRR1- MRR4 . . | . '
are excited by the same.

An optical clocked pump signal in the form of pulsed '3 0 ! ! !
laser is represented as the ‘CLK’ signal. The main 14 0 0 1 1
objective of MRR1-MRR4 is to shift the optical signal 15 0 0 0 1

from input port to the output port of the optically clocked D
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Fig. 7 Simulated results describe the output state for the clock pulses 1 to 15. (a) Output state at the Oth clock pulse 030, 0Q; Qy—>'0001".
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flip-flop. A continuous wave optical signal is applied at the
input of MRRS5. MRRS5 is modulated by an optical pump
pulse Q;; at through and drop ports, Q; and O, are
observed. The through port output of MRRS works as an
input for the input port of MRR6; the drop port output of
MRRS5 work as an input for the add port of MRR6. MRR6
is modulated with the pump signal Qy; the optical pulse
obtained at the drop port of MRRG6 is the XOR equivalent
of Qpand Q;. Optical signals Q; and Q, can be amplified
by the wavelength conversion mechanism using cross-gain
and cross-phase modulation in a semiconductor optical
amplifier [26]. The amplified signals are further applied to
MRR6 and MRRS5, respectively. The optical signal
obtained from the drop port of MRR6 behaves as the
input signal to the input port of MRR1. The operation of
the proposed device is all-optical; optoelectronic conver-
sion is not needed, and switching is in the picosecond
range. The data rate of all-optical shift registers using MRR
is reported as 100 Gb/s [24]. The proposed device is the
further implementation of an all-optical shift register using
MRR, although we are computing XOR between two
optical signals Q; and Q,; owing to this computation,
some variation in speed is expected; thus, the data rate will
be nearly 100 Gb/s. In addition, data rate can be calculated
using Eq. (11) [24]. The obtained value depends on the
coupling coefficient (k), dimensions of MRR, and the
absorption coefficient (2),

Y2
T = X
1-2Xcos¢p + X?

(11)

where X = cos’kexp(—anr), ¥ = sinzkexp(fan%), and
4n*r
¢ = Meft——

The mathematical model of the proposed PN sequence
generator can be described using Eqs. (1)—(8). The
simulated result of the proposed device is shown in Fig. 7.

The proposed MATLAB simulation result can be
verified using Table 2, which shows that the proposed
device is suitable for the generation of appropriate result
associated with the 4-bit all-optical PN sequence generator.

4 Conclusions

An interesting concept for the generation of an all-optical
PN sequence is presented, where the cascaded units of
MRRs are used. The proposed scheme can be successfully
extended and implemented for the higher order by the
proper incorporation of MRR. The simplicity and
flexibility of the proposed design make it suitable for
practical applications. This device can revolutionize the
all-optical communication network. The similarity
between analytical and simulated results confirms the
accuracy of the proposed device.
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