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Abstract

A microring-embedded Mach—Zehnder interferometer (MZI) system is proposed to form the multiplexing (demultiplexing)
for wireless and light fidelity (WiFi and LiFi) uplink and downlink transmission. The system consists of two center micror-
ings at the transmitter and a center microring at the receiver with two small rings along the sides of the center microrings.
The whispering-gallery mode (WGM) is formed by the nonlinearity effect induced by the two small rings with suitable
parameters. The embedded gold gratings are excited by the WGM, where the plasmon oscillation and electron density are
obtained. All possible multiplexing/demultiplexing (MUX/DEMUX) schemes based on space—time input can be applied.
The transmission is performed using the tested node. The uplink and downlink input source wavelengths of 1.10 um and
1.30 um for LiFi and WiFi are manipulated. The manipulated tested node is employed with a maximum length of 1, 000 km
away from the transmitted point via a fiber optic cable. The results obtained have shown that the optimum transmission bit
rate of 2.52 Petabit s~! with the optimum bit error rate (BER) of 0.38 is obtained.
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1 Introduction

The Mach-Zehnder interferometer (MZI) is an optical
device where one input signal propagates equally through
the two arms. The output signals are combined and trans-
mitted, where there is a n/2 phase difference between the
signals. MZI multiplexing is allowed to have additional
components, which is suitable for modern technology.
Moreover, the electro-optical components can be added due
to reliability, small size, and utilized for all multiplexing
and demultiplexing applications. MZI has many applica-
tions like in photonic crystals [1], wavelength conversion
on cross-polarization modulation [2], optical switch [3, 4],
optical buffer and OR gate [5], humidity sensor [6], electro-
optic switch/filter [7], graphene-based splitter/switch [8], DE
multiplexer [9], and antennas [10]. Various applications are
also reported. The use of all-optical multiplexing and demul-
tiplexing for C-band wireless transmission was proposed,
where the system was suitable for an integrated optical cir-
cuit to interconnect [11], where the polarization multiplex-
ing is applied to enhance the capacity of the optical link for
5G [12]. Tapered multicore fiber coupling efficiency using
mode division multiplexing (demultiplexing) is reported
[13] based on total reflection switches, all-optical frequency
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encoded multiplexer and demultiplexing to increase the
ultra-high processing speed [14]. Similarly, wavelength
division multiplexing [15] and polarization division multi-
plexing were also presented [16]. Optical filter analysis for
demultiplexing of all-optical OFDM systems was presented,
where the different optical filters using Gaussian, rectan-
gular, Bessel and sinc forms are used [17]. The high-speed
transmission of 160 Gb speed was achieved using optical
time-division multiplexing based on MZI switching [18].
The electro-optic system was applied as a plasmonic switch
for the high-speed optical amplifier and optical computing
using energy-efficient switching and a ripple carrier adder,
respectively [19-21]. The micro-MUX/DEMUX devices can
be applied and linked by the optical cable in the communica-
tions [22, 23]. More works reported the use of MZI in other
forms [24, 25], in which the use of MZI embedded microring
resonator has given promising applications. Generally, there
are various works on LiFi and WiFi found in the references
[26-30]. However, in this proposed work, the new scheme
of the MUX/DEMUX using MZI has been presented. The
system consists of two microring nodes embedded in the
MZI coupled with two-phase modulators. The two center
microrings act as the uplink and downlink transmitters. The
space—time modulation is input; then, all MUX/DEMUX
can be applied based on space—time modulation control. The
transmission signals after MUX/DEMUX can perform the
uplink and downlink via WGMs [31]. The simulation results
are obtained by the two simulation programs, where firstly
the system is designed in OptiFDTD software and simulated
with the formation of whispering-gallery mode (WGM).
Secondly, the data from the OptiFDTD is extracted, and the
graphs are plotted in MATLAB. The simulated results are

2 Theoretical background

In Fig. 1, the input source is a dark soliton. The MZI divides
the input light into two parts, which is the 50:50 coupler. The
incoming light from the MZI is coupled with two panda ring
resonators. In the proposed scheme, the polarized electrons
are trapped and oscillated within plasmonic microring, which
is in the form of WGM. The Bragg wavelength is formed, and
the plasma frequency can be obtained.

A dark soliton is input in the propagation axis, which is
explained by the following equation, which is given by [32, 33]

T .

Edark soliton = Ctanh [_] eXp [_ - lwot} (1)
T, 2

Here the soliton initial phase(t=0) is neglected, and the
Eq. (1) can be rewritten as:

Edark soliton = Ctanh [Tlo] exp [i] (2)
where C is the optical field amplitude, and z is the propaga-
tion axis (distance). T is a soliton pulse propagation time in
a frame moving with group velocity T=t—f,z, where 3, and
S, are the coefficients of linear and second-order terms of
the Taylor expansion of propagation constant. The disper-
sion length of the soliton pulse is denoted by Ly, and given
as L, = Toz/ﬁz, which is neglected. T}, is the soliton pulse
propagation time at the initial input.

The relationship between soliton and plasma of electron
oscillation is given using the Drude model [34, 35], which is
given by

2
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where n,, e, £, and m are the electron density, electron Table 1 Optimized parameters for simulation [34—37]
charge,. perm1tt¥v1ty of free space and mass of electron, o -~ Symbols_ Values Units
respectively. @ is the angular frequency. The plasma fre-
quency is given by Dark soliton wavelength Aa 1.54 um
Modulated wavelengths AN 1.10,1.30 um
negz Input power P 10-30 mW
wp = £ @ Center ring radius R1 1.80 um
Small rings radii R2 0.80 um
The first multiplexed equation is given by [36] Coupling coefficient K 0.50
o Silica refractive index Dglica 1.45
E qamux1 = Fe™ 2 (5)  Sio, refractive index L 3.42
Si O, nonlinear refractive Nygio, 2.7x Cm?
where ¢, A, and #, are the speed of light in silicon, the index ’ 10716 w-!
space—time input wavelength (1.30 um), and time. F is  Gold refractive index Ngolg 1.80
the amplitude. The + sign indicates both sides of time. Grating period M, A2230.50,0.40,0.30 pm
The MUX2 (lower microring) is similar to MUX1 (upper  Structure dimensions LxW 30x15 pm?
microring). Waveguide loss o 0.50 dB mm™!
The second multiplexed equation is given by Effective core area Ay 0.30 pm?
e Single mode fiber lengths Liper 10-1000 km
il2ﬂ7t2 6 ]
E gamux2 = Fe : (6) MZI-fiber coupling loss - 0.1 dB
. . . Fiber-node coupling loss - 0.1 dB
where ¢, 1, and t, are the speed of light in silicon, the . 4
. . . Fiber loss Olfiper 0.1 dB km
space—time input wavelength (1.10 um), and time. The nor- .
. . .- . Electron mass m 9.11x10 kg
malized output intensities of MUX1 and MUX?2 are given o
Electron charge e 1.6x10 Coulomb
by Eqgs. (7) and (8). L 1 »
Free space permittivity £ 8.85x10 Fm

2
Idrop MUX1 _ [ EdropMUXl ] (7)
1 in Edark soliton
I E 2
drop MUX2 [ dropMUX2 ] ®)
] in Edark soliton

The signal is transmitted using the optical fiber cable
connection, which can be multiplexed/demultiplexed at the
receiver. The obtained WGM can be controlled by the two
small side rings, which act as phase modulators.

3 Results and discussion

This concept of the proposed system is that the electrons
in the gold surface are trapped by the plasmonic waves,
which is in the form of the whispering-gallery modes. The
transmission of the trapped electrons is performed by the
polarized waves (spin electron waves) via WiFi or LiFi. The
system is designed, as shown in Fig. 1, which is simulated
using the OptiFDTD software. By using suitable parameters,
the whispering-gallery modes can be generated, which can
be applied to form the plasmonic waves for electron excita-
tion. Table 1 parameters are the optimized parameters, where
the references are cited. The simulation uses a soliton with
a wavelength of 1.54 pm, as shown in Fig. 1. The input sig-
nal is a dark soliton as given in Egs. (1) and (2), and the

3 dB coupler of the MZI arms divides the input signal into
two equal parts. Micro-ring resonator (MRR) circuits are
used in the upper and lower arms of the MZI. The MRR
circuit consists of two center microrings of radius R1 and
two small rings at the sides of each of the center microring
of radius R2. The R1 microrings consist of the gold gratings
embedded at the center microrings. The grating periods of
the upper and lower microring-embedded gold gratings are
different, which can generate different Bragg wavelengths
that can be applied for uplink and downlink identifications.
The add and drop ports are employed for multiplexing and
demultiplexing signals of the upper and lower microrings,
respectively. At the add port of the upper (MUX1) and
lower (MUX2) MRRs, the multiplexing signals are given
in Egs. (5) and (6), where the wavelengths are 1.30 ym and
1.10 pm, respectively. The simulation is run for 20,000 steps
to achieve the resonant results, where the output is normal-
ized, as given in Eqs. (7) and (8). The required data are
extracted from OptiFDTD simulation results and plotted in
MATLAB. When light travels through the linear waveguide,
it couples to the center ring. The light goes around the center
ring, the nonlinearity effect (Kerr effect) is induced, and
light is trapped inside the microring. The Kerr effect changes
the refractive index of the silicon material, and the two side
rings acting as phase modulators induce the nonlinearity
(self-phase modulation), which varies the refractive index
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of the silicon material. At resonance, the trapped light inside
the center ring forms the WGM, as shown in Fig. 2a, where
the WGMs are for uplink MUX1 (upper microring) and
downlink MUX2 (lower microring). The excitation of the
gold grating at the center ring, the free electrons in the gold
grating oscillate with the incident light to form surface plas-
mons which propagate through the system with the intense
electromagnetic field as shown in Fig. 2b. Electron density
is obtained by using the Drude model, where the electron
in the gold surface is excited by plasmonic waves and oscil-
lated with the related plasma frequency as given by Egs. (3)
and (4). The wavelengths shift to two Bragg wavelengths
of 1.56 uym and 1.57 um, which can be used to form the
plasma frequencies for antenna applications. The lower and
upper microrings form the downlink and uplink antennas,
which are employed for LiFi and WiFi connections. The LiFi
employs the wavelength band, while the WiFi employs the
frequency band. The transmission system can be formed and
tested by the selected distance away linked by a fiber optic
cable. Figures 3, 4 and 5show the plot of the WGM and

Fig.2 The graphical result of WGMs using the Optiwave is observed
at the uplink, downlink, and DEMUX WGM at 1.54 um, where a for-
mation of WGMs in the system, b electric field distribution within
the system. The used parameters are given in Table-1, which are also
applied in MATLAB. The center wavelengths shift to Bragg wave-
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drop port outputs of MUX1 and MUX2, in wavelength, fre-
quency, and time domains. The multiplexed signals become
input in a single-mode fiber cable, which acts as a medium
between MUX (transmitter node) and DEMUX (receiver
node). The fiber cable parameters and lengths are given in
Table 1. Node-1 is a test node, where the multiplexed signals
are demultiplexed and detected. Figure 6 shows the plot of
the DEMUX outputs. Figure 7 shows the antenna profiles,
where the uplink and downlink antenna gains are plotted
with the input power, as shown in Fig. 7a. The input power
is varied from 20 to 30mW. The uplink and downlink gains
are 3.57 dB and 1.76 dB, respectively. Figure 7b—c shows the
directivities of uplink and the downlink antennas. The uplink
and downlink directivities are 12.53 and 12.41, respectively.
The uplink and downlink frequencies are 195.2 THz and
195.9THz. In this work, the antenna directivity is dimen-
sionless because no radiation intensity direction is specified
[33]. Figure 7d—e shows the uplink and downlink frequency
and wavelength bands for WiFi and LiFi, respectively. The
quantum communication is also available by the spin-wave
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lengths 1.56 pm and 1.57 pm. Figure 2 a is the transmission of light
through the device in terms of light intensity along z-axis, while
Fig. 2 b is the electric field distribution of the trapped electrons along
z axis. The number of mesh cells X is 259 and Mesh cells Z are 568
used in simulation
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Fig. 3 Plot of the normalized electron density in frequency domain, where a drop port of MUX1 and MUX2, b WGM of MUX1and MUX2. The
plasma frequencies are a 0.26 x 10'® radsec™! and and b 1.83 x 10'° radsec™" using an Eq. (4)
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Fig.7 Plot of the antenna pro- 4
files, where a gain, b directiv-
ity of uplink, ¢ directivity of
downlink, (d)WiFi uplink and
downlink frequency bands,

I LiFi uplink and downlink
wavelength bands. The center
frequency and wavelength are
195.2 THz and 195.9 THz and,

Gain (dB)

-

1.535 ym and 1.530 pm for 20

uplink and downlink, respec-
tively

........ L B L B B B R B R R

F|—Uplink MUX
[ | ——Downlink MUX

w

N

22 24 26 28 30
Input Power (mW)

(a)

Normalized Ed
o
3]

—Uplink | —Uplink |
——Downlink|] ——Downlink|]

Normalized Ed
o
3]
T

1 3 0 E 1 1

oL 1
193 194 195 196 197 1.52 1.53 1.54 1.55 1.56
Frequency(THz) Wavelength(nm)
(@ (e)

transmission. The transmission validation is performed by
the tested node results. Figure 8 shows the transmission
capacity of DEMUX with a tested node-1 in time, wave-
length, and frequency domains. The test node is simulated
by six different fiber distances of 10 km, 50 km, 100 km,
200 km, 500 km, and 1000 km. The entanglement forma-
tion can be applied for security requirements, which can be
performed similar to the details in reference [33]. The cross-
talk calculated for two different wavelengths of 1.30 um and
1.10 um is shown in Fig. 9a-b. When calculating the cross-
talk for 1.30 um wavelength signal, the 1.10 pm wavelength
signal acts as noise, and when calculating the crosstalk for
1.10 um wavelength signal, 1.30 um wavelength signal acts
as noise. Figure 9c—d shows the plot of the BER (bit error
rate) of the system for 1.10 and 1.30 ym wavelength signals,
where the BER of 0.38 and 0.48 is achieved. It means that
the BER can be neglected, in which the lower the BER, the
better performance of the system is obtained. The optimum
chirp rate is 2.9 GHz in the frequency domain and 2.5 nm in
wavelength domain at 1000 km distance. In application, the

@ Springer

transmission connection between lightwave and microwave
can be applied by the micro-scale optical circuits.

4 Conclusion

This paper proposed a generalized MUX/ DEMUX circuit
using MZI for LiFi and WiFi uplink and downlink trans-
mission. The circuit is formed by three center microrings
coupled with the two side rings. The small rings induce the
nonlinearity effect into the circuit, where the WGM can be
formed to excite the electrons on the grating surfaces. The
gold grating embedded at the center microrings shifted the
center wavelength of 1.54 pm to the Bragg wavelengths of
1.56 ym, and 1.57 pm. The working principle of the circuit
is based on space—time control, where the two WGMs at
MUX1 and MUX2 are used as uplink and downlink plas-
monic antennas. By using the electro-optic signal conversion
signals, the light beam and antenna can be applied for LiFi
and WiFi uplink and downlink transmission, respectively.
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Here, optical fiber is used to perform the transmission vali-
dation. The system MUX and DEMUX can be connected
to the single mode-fiber cable for a transmission test. The
obtained results have shown that the uplink and downlink
antenna gains of 3.57 and 1.76 dB are achieved, respectively.
The uplink and downlink antenna directivities of 12.53 and
12.41 are obtained. The original signal transmission is taken
place by using the multiplexing in time, wavelength, and
frequency domains. The optimum wavelength and frequency
shifts of 2.5 nm and 2.9 GHz are obtained, and the shifts in
frequency and wavelength are not significant for the digital
and quantum transmission. The transmission bit rate of 2.52

800 1000 0 200 400 600 800
Distance (Km)

(@

1000

Pb s~! with the bit error rate (BER) of 0.38 and 0.48 has
been achieved. The multiplexed bandwidths can be increased
by more input space—time input sources, which can be avail-
able for future applications.
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